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ABSTRACT
Purpose: To compare acute and chronic responses to lower body resistance exercise using: highload (70/0), very low-load alone (15/0), with moderate (15/40), or higher (15/80) blood flow
restriction. Conditions labeled (% One-repetition maximum/% arterial occlusion pressure).
Acute: Trained participants (12 males, 11 females) completed knee extension exercise (4 sets to
failure capped at 90 repetitions) with each condition. Muscle thickness and torque were assessed
before (Pre), after (Post), and fifteen minutes after (Post-15) exercise; surface electromyography
(EMG) during.
Chronic: Untrained participants (20 males, 20 females) performed the same exercise, with one
condition assigned to each leg, twice per week for eight weeks. Muscle thickness, strength, and
endurance were assessed.
Acute Results: Torque decreased Pre to Post [-108.12 (-129.48, -86.76) Nm], recovered at Post15 [76.83 (57.89, 95.77) Nm], but remained lower than Pre [-31.28 (-42.03, -20.54) Nm]. At
Post, 15/80 torque was lowest and 70/0 highest [102.37 (73.13, 131.60) versus 205.28 (178.14,
232.42) Nm]. At Post-15, 15/0 was lowest [ex. 209.45 (171.77, 247.13) versus 70/0 = 231.63
(196.91, 266.34) Nm]. Muscle thickness increased Pre to Post [0.468 (0.388, 0.548) cm],
decreased Post to Post-15 [-0.104 (-0.138, -0.071) cm], and remained elevated over Pre [0.364
(0.284, 0.444) cm]. Generally, EMG amplitude of the first three repetitions increased across sets,
while during the last three repetitions it did not.
Chronic Results: 70/0 increased 1RM [3.15 (2.04, 4.25) kg]. The endurance change was
greatest for 15/80 [ex. 6.2 (4.3, 8.0) versus 70/0 = 4.0 (2.2, 5.9) and 15/0 = 4.2 (2.4, 6.0) kg].
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Isometric MVC [10.5 (3.8, 17.1) Nm] and Isokinetic MVC 180°/s [8.61 (5.54, 11.68) Nm]
increased, while Isokinetic MVC 60°/s was unchanged [2.45 (-1.84, 6.74) Nm]. Generally, all
conditions increased muscle thickness similarly (Pre < Post). The workload required to reach
failure in acute and chronic decreased with restriction (15/80 < 15/40 < 15/0 < 70/0).
Conclusions: In trained and untrained individuals the reduced workload observed using greater
restriction does not appear to compromise the hypertrophic stimulus when using very low-loads.
Perhaps this provides utility in a variety of settings where hypertrophy is desired, but individuals
are disinclined to greater workloads.
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CHAPTER I: INTRODUCTION
Skeletal muscle mass is associated with all-cause mortality, with those having lower
amounts of muscle mass having an increased rate of premature mortality (Reinders et al., 2016).
Although the exact mechanism responsible through which muscle mass would decrease mortality
is unclear, muscle tissue has been associated with positive benefits on modifiable risk factors
related to mortality. While muscle tissue may not contribute as much to resting metabolic rate as
other organs (brain, heart, liver, kidney) it is modifiable through training, and thus increasing it
may have protective effects against obesity (Wang et al., 2010). Insulin insensitivity has been
linked to obesity and an increased risk of cardiovascular disease (DeFronzo & Ferrannini, 1991).
Fortunately, muscle tissue is a large glucose disposal site and although other mechanisms may
play a role, it appears the increase in muscle mass from resistance training is associated with
improvements in insulin sensitivity (Croymans et al., 2013). Lastly, in the elderly, maintaining
muscle mass has been shown to have a positive relationship with muscle function (Sowers et al.,
2005), another index of mortality, in which those having lower function also have an increased
risk of premature mortality (Loprinzi, 2016). Other than an increase in insulin sensitivity from
exercise training and possibly small increases in resting metabolic rate (Wolfe, 2006), it has been
contested that the change in muscle mass above baseline (the untrained state) as an adult may not
meaningfully contribute to other important outcome measures such as strength (Buckner et al.,
2016). However, it is possible that a loss of muscle mass below baseline may negatively
influence the same outcomes, and previous research has observed this loss of muscle mass as a
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significant predictor of mortality (Szulc, Munoz, Marchand, Chapurlat, & Delmas, 2010). Thus,
it may be imperative to maintain muscle mass throughout the aging, or rehabilitative processes.
The American College of Sports Medicine, in their latest position stand on resistance
training, recommend using a load ranging from 60% - 80% of an individual’s one-repetition
maximum (1RM) for robust increases in muscle size and strength (Garber et al., 2011).
Interestingly, such high loads are not required for hypertrophy, as similar gains in muscle size
have been observed when training to or near failure with lower loads, such as 30% of an
individual’s 1RM (Mitchell et al., 2012; Morton et al., 2016). Thus, if growth or maintenance of
muscle mass is the desired outcome, one could train with a range of loads, even as low as 30%,
provided they are taken to failure (Dankel, Jessee, et al., 2016). Training with low loads may be a
more desirable modality for many populations including those that are unable to tolerate greater
mechanical stresses placed on the muscle, connective tissue, or joints. However, there may be a
point at which the load becomes too low, and the lower relative proportion of active muscle
fibers would not generate a very large increase in intramuscular pressure. If in fact there was a
lack of sufficient intramuscular pressure generated by the contracting muscle, there may be no
disruption in blood flow to the contractile tissues, resulting in a constant gas exchange and
sufficient clearance of metabolic byproducts. This could in fact lead to a reduction in the ability
to fatigue the muscle, and in turn the cellular signaling response may be more like that of an
aerobic type stimulus, as evidenced by the protein synthetic response (Burd et al., 2012).
Interestingly, the application of restrictive cuffs proximal to the exercising muscle may in fact
augment the response to very low load exercise by reducing arterial blood flow to induce fatigue
(Dankel et al., 2017).
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Blood flow restriction is the process of applying a restrictive device, such as elastic wraps
or pneumatic cuffs, to the proximal portion of a limb with the goal of reducing arterial inflow
and occluding venous outflow (Yasuda et al., 2010). Applying blood flow restriction alone has
been observed to attenuate losses in muscle mass during immobilization (Takarada, Takazawa, &
Ishii, 2000), and increase muscle mass in certain populations when applied during low intensity
aerobic training (Abe, Kearns, & Sato, 2006; Abe, Sakamaki, et al., 2010). The application of
blood flow restriction during resistance training with loads as low as 20% 1RM has also been
observed to increase muscle mass to a magnitude similar to that seen with traditional high load
training (Laurentino et al., 2012). Although the mechanism through which blood flow restriction
works is not completely understood, several have been investigated (Pearson & Hussain, 2015).
By just applying blood flow restriction there may be an induction of muscle cell swelling, which
could induce a protein synthetic response (Loenneke, Fahs, Thiebaud, et al., 2012; Stoll, Gerok,
Lang, & Haussinger, 1992) and has been shown to result in muscle hypertrophy using a rodent
model (Nakajima et al., 2016). It is of note, however, that in human models applying blood flow
restriction alone has only been shown to attenuate muscle atrophy (Takarada et al., 2000) and
strength losses (Kubota, Sakuraba, Koh, Ogura, & Tamura, 2011; Kubota, Sakuraba, Sawaki,
Sumide, & Tamura, 2008) during muscle disuse rather than induce hypertrophy. When
restricting blood flow during exercise, the rate of clearance of metabolites declines resulting in a
pooling of metabolic byproducts in the limb (Yasuda et al., 2010). The reduced clearance of
metabolites may in fact induce fatigue earlier in lower threshold motor units, resulting in a need
to recruit higher threshold motor units to continue voluntary contractions (Brandner,
Warmington, & Kidgell, 2015; Yasuda et al., 2010). In doing so, more muscle fibers are stressed
and stimulated to induce muscle protein synthesis, resulting in hypertrophy of the skeletal
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muscle. Although efficacious, there have been some concerns regarding the effectiveness of
blood flow restriction as it pertains to safety, more specifically clotting risk (Manini & Clark,
2009) and exaggerated cardiovascular responses (Spranger, Krishnan, Levy, O'Leary, & Smith,
2015). However, blood flow restriction exercise has been shown to be a relatively safe stimulus
(M. B. Jessee, Buckner, Mouser, Mattocks, & Loenneke, 2016; Loenneke, Wilson, Wilson,
Pujol, & Bemben, 2011; Madarame et al., 2010). Questions still exist pertaining to the usefulness
of blood flow restriction, given that low loads to failure have been observed to elicit robust
increases in muscle size with or without blood flow restriction (Fahs et al., 2015; Farup et al.,
2015). Support for this argument can be evidenced by an acute study in relatively strong
participants, which compared exercise using 30% 1RM in combination with relative restriction
pressures of 0, 10, 20, 30, 50, and 90% of arterial occlusion pressure and found no meaningful
differences in acute muscular responses associated with long-term muscle growth (M. B. Jessee,
Mattocks, et al., 2017). However, a 12 week training study in the lower body found that training
with 20% 1RM and a lower relative pressure did not increase muscle size as much as 20% 1RM
with a higher pressure, or 40% 1RM with high and low pressures, which increased muscle size
comparable to high load training (Lixandrao et al., 2015). This suggests that in weaker
populations, or for those wishing to use extremely low loads (less than 20% 1RM), the load itself
may be insufficient to create a level of intramuscular pressure necessary to fatigue active muscle
fibers, essentially eliminating the need to recruit additional fibers and preventing the ability to
reach volitional failure. In cases such as this, higher relative levels of blood flow restriction may
be necessary to augment the exercise training and induce the desired hypertrophic response. For
example, unpublished observations in the upper body found that acute changes in muscle
thickness and maximal voluntary contraction, an index of fatigue, were both driven by higher
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relative loads and pressures when using loads equal to 10, 15, and 20% 1RM (Dankel et al.,
under review). Of note, is that failure in this study was only reached in the 20% 1RM conditions
when using a common, arbitrary repetition protocol of 4 sets with goal repetitions of 30-15-1515. Therefore, it appeared that higher relative blood flow restriction pressures may be necessary
to ensure a hypertrophic response when using loads lower than 20% of 1RM. It remained to be
investigated how blood flow restriction at different levels of relative pressure (moderate and
high) would augment acute and chronic muscular responses to exercise in the lower body using
very low loads compared to the traditional high load paradigm and a very low load (15%)
without blood flow restriction. Thus, leading to the purpose of this experiment.
Purpose
To determine the efficacy of using an extremely low load to increase muscle mass of
lower body musculature, the purpose of this study was to compare the acute muscular responses
and the long-term muscle size and strength adaptations between traditional high load training,
very low load training, very low load training with moderate relative blood flow restriction
pressure, and very low load training with high relative blood flow restriction pressures.
Research Question
Is blood flow restriction necessary to augment the acute muscular responses and chronic
muscular adaptations in the lower body similar to those observed following high load training,
when training with an extremely low load, such as 15% 1RM? If blood flow restriction is
necessary to augment the muscular response, is a higher pressure (80% arterial occlusion) needed
to elicit the desired outcome compared to a moderate pressure (40% arterial occlusion pressure).
Hypotheses
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1) The application of a higher relative blood flow restriction pressure (80% of arterial
occlusion) would be required to elicit a hypertrophic stimulus similar to high load
training, whereas the muscle growth induced by 15% 1RM alone, or 15% 1RM in
combination with a moderate level of blood flow restriction would be less in comparison.
2) Muscle strength would increase more in the high load training group compared to all
other groups, but the 15% 1RM condition with a high level of arterial occlusion would
increase strength more than the groups training with 15% 1RM alone or with a moderate
level of blood flow restriction.
3) Muscular endurance would increase similarly in the three groups training with a load of
15% 1RM (15% alone, 15% with moderate blood flow restriction, and 15% with high
blood flow restriction), which would be a greater increase than a group training with a
high load only.
Sub Question
1) Are there differences in the acute muscular responses that have been previously
associated with long-term growth between groups exercising with 15% 1RM alone, 15%
1RM in combination with moderate (40% of arterial occlusion) or high (80% of arterial
occlusion) levels of blood flow restriction pressure, or a group exercising with a
traditional high load (70% 1RM)?
Sub Hypotheses
1) Fatigue, assessed by the acute decrement in torque, would be greater following exercise
in the groups using a high load and 15% 1RM with high restriction pressure compared to
the groups using 15% 1RM alone or 15% 1RM in combination with moderate restriction
pressure.
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2) The increase in electromyography amplitude (an indicator of muscle activation) during
exercise would be greatest in the high load exercise group, and lowest in the low load
only group. The magnitude of the response would be increased over low load alone when
combined with blood flow restriction at 40% AOP and further augmented by increasing
the pressure to 80% AOP.
3) The increase in acute changes in muscle thickness would be greatest in the high load and
low load with high relative blood flow restriction conditions compared. Low load with
moderate blood flow restriction would have a greater acute swelling response compared
to the low load only condition.
Significance
The loss of muscle mass may have many negative consequences. Thus, to combat that
high load resistance training has long been the gold standard. However, this traditional method of
increasing or maintaining muscle mass may not be tolerable or desired in all populations,
especially those recovering from catastrophic injury as it places a large degree of mechanical
stress on the musculoskeletal system. The findings from this study seem to suggest that using an
extremely low load may in fact induce muscle hypertrophy as well as increase isometric strength
and endurance in healthy untrained individuals. This increase, however, was less than what is
seen using traditional high loads. The adaptations elicited by the very low load conditions were
not different, despite the lower volume seen with increasing restriction of blood flow. Therefore,
there may be utility in using blood flow restriction during the early stages of recovery to increase
or maintain muscle fitness until higher loads can be safely used. Such a modality could be more
desirable for a wide range of people including but not limited to the very weak, such as those
suffering from chronic disease, to elite athletes wishing to reduce the amount of stress they
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undergo physically. This study gives more insight into the necessity of blood flow restriction and
the level of pressure application necessary for adaptation with an extremely low load. We also
gained valuable insight into the pattern of acute muscular responses to different exercise
protocols and the long-term training adaptations. The results herein suggest that trained and
untrained individuals may respond differently to the protocols used.
Assumptions
1) Participants gave maximal effort during all testing procedures, specifically the 1RM
testing, maximal voluntary contraction testing, and endurance testing.
2) Participants undergoing the training portion of the study refrained from all outside
resistance exercise activities.
3) Participant maintained all normal daily activities, and dietary habits during the study.
4) Participants did comply with all food, caffeine, and exercise restrictions prior to testing.
5) Participants answered all questions truthfully.
6) Muscle thickness as measured by the ultrasound does provide a valid estimate of muscle
cell swelling, and muscle growth.
7) Electromyography amplitude provides a valid indication of muscle activation.
Delimitations
1) The results of the long-term study are only applicable to healthy, untrained males and
females between the ages of 18-35 years.
2) The participants were volunteers recruited from the university community and may not
represent a true random sample of the population.
3) The results of the acute study are limited to healthy, resistance trained males and females
between the ages of 18-35 years.
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Limitations
1) Measurements of acute changes in muscle thickness using the ultrasound may not be
truly representative of muscle cell swelling.
2) Ultrasound muscle thickness is not considered the gold standard of muscle size
measurements.
3) The degree of blood flow restriction during exercise was based upon a percentage of the
resting arterial occlusion measurement. Since this is not a quantification of the amount of
blood flow, no assumptions can be made on the actual percent reduction in blood flow
caused by the cuff inflation pressure.
4) Surface electromyography is not considered a valid tool to measure motor unit
recruitment and can be influenced by other factors. Thus, when using electromyography
amplitude as an index of muscle activation we must interpret it cautiously and only use it
as part of the overall picture.
Operational Definitions
1) Arterial occlusion pressure – The minimal amount of cuff pressure required for the
cessation of blood flow distal to the application of the cuff. This is measured in
millimeters of mercury (mmHg).
2) Blood flow restriction – The application of pneumatic cuffs or elastic wraps placed
around the proximal portion of a limb with the goal of reducing arterial flow to a muscle
and occluding venous flow out of the limb.
3) Electromyography – The use of bipolar electrodes to collect and record the electrical
activity produced by a muscle. This measurement is recorded in millivolts (mV) and
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oftentimes expressed relative to the electromyography amplitude recorded during a
maximal voluntary contraction.
4) Maximal voluntary contraction – the peak torque produced by an individual’s muscles
when pushing or pulling against an immovable object as quickly and forcefully as
possible.
5) Muscle thickness – a one-dimensional image obtained using sound waves at an ultrasonic
frequency. The image is used to measure the thickness of a muscle by assessing the
distance from the muscle-bone interface to the muscle-adipose interface. This
measurement is recorded in centimeters (cm).
6) One repetition maximum – the greatest amount of weight an individual can lift one time
with proper form, through a full range of motion during a particular exercise.
7) Torque – the amount of force produced by the muscle, which is then transferred to the
bone via the tendon to cause a rotation around the joint axis. This is measured in newton
meters (Nm).
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CHAPTER II: BACKGROUND
HISTORY OF BLOOD FLOW RESTRICTION
Blood flow restriction involves the application of a variety of devices to the most
proximal portion of an individual’s limb with the goal of limiting the amount of blood
flowing to a working muscle and the cessation of venous blood flowing out of the muscle
(Yasuda et al., 2010). This was first studied in the context of resistance training by Shinohara
et al. (Shinohara, Kouzaki, Yoshihisa, & Fukunaga, 1998) with the goal of increasing
neuromuscular activation through metabolite induced fatigue while using a lower percentage
of maximal effort compared to traditional training. The authors found that isometric training
combined with blood flow restriction increased strength of the knee extensors more than just
isometric training alone. Yoshiaki Sato claims credit for developing this particular type of
training, citing the feeling he experienced in his calves after kneeling at a Buddhist ceremony
for long periods of time and how similar it was to the feeling he experienced following calf
raise exercises ((Sato, 2005). He has since developed devices capable of providing blood
flow restriction during exercise, and termed the protocol “KAATSU”. However, there are
many devices capable of inducing a comparable stimulus. Therefore, to avoid confusion the
process is generally referred to as blood flow restriction.
For robust increases in muscle size and strength The American College of Sports
Medicine recommends resistance training with a load corresponding to at least 60% of an
individual’s 1RM (Garber et al., 2011). However, this type of training may not be desirable
(Bibeau, Moore, Mitchell, Vargas-Tonsing, & Bartholomew, 2010) nor recommended for
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certain populations because of the high load and level of mechanical stress it would place on
the tissues. In fact, blood flow restriction has been proposed to be part of the rehabilitative
process as it could benefit muscular adaptation in all phases of recovery from immobilization
to high intensity resistance exercise (Loenneke, Abe, et al., 2012). Although it has been
shown to elicit positive effects following injury with (Loenneke, Young, Wilson, &
Andersen, 2013) and without exercise (Takarada et al., 2000), blood flow restriction training
with low loads is not limited to injured or ill populations and has been observed to result in
beneficial muscle size and strength increases in elderly (Vechin et al., 2015), healthy
(Counts, Dankel, et al., 2016; Laurentino et al., 2012), and athlete populations (Luebbers,
Fry, Kriley, & Butler, 2014; Takarada, Sato, & Ishii, 2002; Yamanaka, Farley, & Caputo,
2012).
SAFETY OF BLOOD FLOW RESTRICTION
Given the nature of blood flow restriction there is some concern for participant safety
regarding muscle damage, clotting risk and cardiovascular responses, but there does not seem
to be any increased risk over that of just exercise alone (Loenneke et al., 2011). Some
evidence associating muscle damage to blood flow restriction comes from the severity of
delayed onset muscle soreness being greater following blood flow restriction exercise to
failure compared to a low load exercise control condition with no restriction (Wernbom,
Augustsson, & Thomee, 2006). However, delayed onset muscle soreness is not considered a
reliable indicator of muscle damage in comparison to much better measures such as muscle
function (Warren, Lowe, & Armstrong, 1999), which returns back towards baseline 1 hour
post blood flow restriction exercise and is completely back to baseline 24 hours later,
indicating that blood flow restriction does not likely induce muscle damage using an indirect
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marker of function (Loenneke, Thiebaud, et al., 2013a). This is supported by a lack of
increase in creatine kinase, a marker of muscle membrane damage and interleukin-6, a
marker of inflammation following blood flow restriction exercise with 20% 1RM (Karabulut,
Sherk, Bemben, & Bemben, 2013). Some evidence suggests that even though the stress
response within the cell may be increased following blood flow restriction exercise, as
evidenced by translocation of heat shock proteins, there is no measurable muscle fiber
damage at the cellular level (Cumming, Paulsen, Wernbom, Ugelstad, & Raastad, 2014).
Since blood is being pooled in the muscle along with metabolites some have expressed
concern about an increased risk of clotting when using blood flow restriction regularly
(Manini & Clark, 2009). However, studies designed to investigate the clotting risk have
found no cause for concern. For example, prothrombin fragment I and II, thrombinantithrombin III complex, D-dimer, and fibrin degradation product, all markers of the
coagulation system, remained unaffected by blood flow restriction exercise (Madarame et al.,
2010). In fact, not only are markers of inflammation and coagulation unaffected due to blood
flow restriction exercise, evidence suggests fibrinolytic activity (tissue plasminogen
activator), involved in the breakdown of blood clots, is increased immediately after blood
flow restriction exercise (Clark et al., 2011).
It has also been suggested that blood flow restriction be used with caution due to the
potential for an adverse cardiovascular response, specifically through the exercise pressor
reflex, which is activated by metabolic accumulation in the working muscles (Spranger et al.,
2015). However, it has been argued that to minimize this risk, blood flow restriction be made
relative to the individual and to the cuff width applied to avoid applying an unnecessarily
high restrictive stimulus (M. B. Jessee, Buckner, Mouser, et al., 2016). During blood flow
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restriction exercise in the upper body, the cardiovascular response seems to increase as a
function of greater restriction pressures (Mattocks et al., 2017). Thus, applying an arbitrary
pressure could be problematic as it may be a greater restrictive stimulus for some individuals
than is necessary or intended. In addition, the cuff width also needs to be considered as the
same absolute applied pressure using two different sized cuffs will result in the
cardiovascular response being greater for the wider cuff application (Rossow et al., 2012).
Although absolute blood flow restriction pressures are not advised, when applied, they do
increase the cardiovascular response over low load exercise alone, but it is still not to the
magnitude seen with high load exercise (Brandner, Kidgell, & Warmington, 2015). When
comparing various lower body resistance exercises using different loads and restriction
pressures, stroke volume and heart rate were greater during high load exercise compared to
low load blood flow restriction, which induced a greater response than low load alone
(Downs et al., 2014). Immediately after exercise systolic and diastolic pressure were greater
in the blood flow restriction conditions possibly due to the increased peripheral resistance
induced by the cuffs which were inflated to 1.3 times the brachial systolic blood pressure. To
further reduce the risk of adverse cardiovascular responses individual differences and cuff
width differences should be accounted for by making pressure relative to arterial occlusion
measured by the cuff to be used for blood flow restriction.
APPLICATION OF BLOOD FLOW RESTRICTION
As mentioned previously, there are a variety of ways in which blood flow restriction can
be applied. Practical blood flow restriction is achieved using elastic knee wraps (Loenneke,
Kearney, Thrower, Collins, & Pujol, 2010; Lowery et al., 2014) or mechanical tourniquets.
However, the downside to this type of application is the inability to truly quantify the
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restrictive pressure being applied to the limb. Thus, much of the research investigating blood
flow restriction is done with pneumatic cuffs applied to the most proximal portion of the limb
and inflated to a given pressure. These cuffs can differ in material and width, both of which
may influence the stimulus applied. The most commonly used cuff types in blood flow
restriction research are most commonly made of an elastic material or an inelastic material
such as nylon. In the upper body, some evidence, based upon arterial occlusion pressure,
suggests there is a difference in the amount of pressure applied to the limb between cuff
types, with less pressure actually being transmitted to the arm by the elastic cuff in
comparison to the nylon cuff (Buckner, Dankel, Counts, et al., 2017). Interestingly, in the
lower body, there does not seem to be a difference between elastic and nylon cuffs regarding
the inflation pressure required to occlude blood flow, given similar cuff widths are applied
(Loenneke, Thiebaud, et al., 2013b). Although the reason for discrepancies in arterial
occlusion pressure between different cuff types in the upper and lower body are not quite
clear, and factors such as initial pressure (the pressure applied by an elastic cuff prior to
inflation) or muscle structure may play a role, differences in cuff width during the upper
body study may contribute to the differences.
Much of the blood flow restriction literature reports using various cuff widths to restrict
blood flow and in some instances the cuff width goes unreported in the upper (M. B. Jessee,
Buckner, Dankel, et al., 2016) and lower body (Loenneke, Fahs, Rossow, et al., 2012). This
becomes problematic because the amount of tissue being pressurized is greater, and a greater
percentage of the applied pressure from the cuff is transmitted deeper into the tissue when
using wider cuffs (Crenshaw, Hargens, Gershuni, & Rydevik, 1988). Thus, arterial occlusion
is altered by cuff size, evidenced by decreasing the pressure needed for the cessation of
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arterial blood flow with increased cuff width in upper (M. B. Jessee, Buckner, Dankel, et al.,
2016) and lower limbs (Loenneke, Fahs, Rossow, et al., 2012). So, applying an absolute
pressure in both a wide and narrow cuff will cause a greater stimulus in the wide cuff. In fact,
when comparing similar inflation pressures applied through wide or narrow cuffs, the
cardiovascular and perceptual responses to blood flow restriction were greater when using
the wide cuff (Rossow et al., 2012). Although setting restriction pressures relative to the cuff
should control for differential effects of cuff width on the overall stimulus itself and reduce
the potential for an adverse cardiovascular event, one may want to avoid the use of wider
cuffs due to evidence of attenuated muscle adaptations underneath the applied pressure.
When examining muscle growth at different distances across the upper thigh following 4
weeks of low intensity blood flow restriction training the increases in muscle cross sectional
area seem to be attenuated at the sites that were under the cuff application (Kacin & Strazar,
2011). In the upper body, there were no differences in muscle growth at 50% of upper arm
length following blood flow restriction training with either a narrow 5 cm cuff or a wide 10
cm cuff (Laurentino et al., 2016). However, it should be noted that it was possible that both
cuffs covered the measured muscle site and since no other muscle sites were used to compare
changes it cannot be ruled out that growth was still attenuated, but happened to be to a
similar degree between cuffs. Altogether, this highlights the need for researchers and
practitioners alike to consider the width of the cuff used and the implications it has for the
restrictive stimulus itself, as well as the muscular response, and the cardiovascular response
to blood flow restriction exercise.
To further ensure the blood flow restriction stimulus is similar for everyone, the inflation
pressures of the cuff should be made relative to individual characteristics (Loenneke, Fahs, et
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al., 2013). The best method to achieve this is by measuring the resting arterial occlusion
pressure for each person (using the same cuff to be applied during blood flow restriction
exercise) and taking a percentage of that value. However, a large portion of the blood flow
restriction literature does not do this, but rather applies one absolute, arbitrary pressure to all
participants (M. B. Jessee, Buckner, Dankel, et al., 2016; Loenneke, Fahs, Rossow, et al.,
2012). In an attempt to make the stimulus relative, some studies have applied pressure based
on a percentage of systolic blood pressure (Brandner, Kidgell, et al., 2015; Cook, Brown,
Deruisseau, Kanaley, & Ploutz-Snyder, 2010). This is still problematic because limb
circumference has been shown to explain the largest portion of unique variance in arterial
occlusion pressure even when considering systolic blood pressure (Loenneke, Allen, et al.,
2015), and those with larger limbs will require a greater pressure compared to those with
smaller limbs (Van Roekel & Thurston, 1985). Since limb size is variable among people,
applying an absolute pressure to all participants would potentially result in a different
stimulus. Those with smaller limbs would be under a greater restrictive stimulus and those
with larger limbs would be under less of a restriction stimulus, making it impossible to
interpret the effect of restriction pressure. Therefore, in order to make methodology
replicable, to investigate the role of pressure, and to ensure all participants are receiving a
similar stimulus, blood flow restriction should be made relative to the cuff being used and to
the individual it is being applied to (M. B. Jessee, Buckner, Mouser, et al., 2016).
BLOOD FLOW RESTRICTION ALONE
In a rodent model, restricting venous blood flow has been shown to induce muscle
hypertrophy in the absence of exercise (Nakajima et al., 2016). However, in human models
the application of blood flow restriction alone does not seem to be an adequate stimulus to
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induce hypertrophy, but rather it does seem to have beneficial effects on the attenuation of
atrophy during the recovery period immediately following anterior cruciate ligament
reconstructive surgery (Takarada et al., 2000). In addition, muscular strength losses usually
observed following such periods of immobilization are smaller compared to a non-exercise
control group when applying blood flow restriction (Kubota et al., 2008) even at lower
inflation pressures (Kubota et al., 2011). Discrepancies between the rodent model and the
human models may be due to the nature of blood flow restriction in the rodent model and the
level of ambulation. The rodents had veins crush occluded resulting in chronic restriction of
blood flow, whereas the human models used external cuff inflation to apply a restrictive
stimulus twice daily, with a total inflation time of about 25 minutes per session. Although
there does seem to be potential utility in preserving muscle mass and strength during
immobilization using blood flow restriction alone, not all studies have shown similar benefit.
For example, in athletes recovering from anterior cruciate ligament surgery there was no
beneficial effect of a similar blood flow restriction protocol compared to a control group,
suggesting the benefits in the absence of exercise may by population specific (Iversen,
Røstad, & Larmo, 2016). Athletes engaging in regular resistance training most likely have a
greater amount of muscle mass to lose and might do so more quickly than a general
population. Therefore, blood flow restriction may be unable to slow the atrophy process
when it is more rapid with populations such as athletes. However, the athletes in the control
group from the Iversen study had an average time from injury to surgery twice that of the
blood flow restriction group. Perhaps the control group lost a greater amount of muscle mass
due to inactivity prior to the testing versus the blood flow restriction group. If that were the
case, the atrophy may be slowed in the control group because they already lost a greater
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amount of muscle mass. In fact, evidence suggests just a 2 week reduction in ambulatory
activity can result in a loss of leg lean mass and insulin sensitivity in young adults (KroghMadsen et al., 2010).
BLOOD FLOW RESTRICTION WITH AEROBIC EXERCISE
For individuals capable of low intensity aerobic exercise (approximately 20% of maximal
oxygen uptake), applying blood flow restriction to the proximal portion of the legs during a
training program has proven an effective modality to increase muscle size when combined
with walking (Abe et al., 2006; Ozaki et al., 2011; Sakamaki, M, & Abe, 2011) or cycling
(Abe, Fujita, et al., 2010). In addition, low intensity aerobic training while undergoing blood
flow restriction may improve strength (Abe et al., 2006; Teramoto & Golding, 2006) as well
as maximal oxygen uptake (Abe, Fujita, et al., 2010; Park et al., 2010). As part of a larger
rehabilitative program, blood flow restriction with low intensity aerobic exercise would be
beneficial for individuals who are no longer immobilized but are still unable to resistance
train (Loenneke, Abe, et al., 2012). Thus, eliciting some beneficial adaptation, although still
less than that observed following resistance training.
BLOOD FLOW RESTRICTION WITH RESISTANCE EXERICSE
In the context of a rehabilitation program, resistance training while undergoing blood
flow restriction would elicit increases in muscle mass and strength until a participant was
able to undergo the traditional modality of high load resistance exercise (Loenneke, Abe, et
al., 2012). However, blood flow restriction does have application to normal healthy
individuals as evidenced by similar increases in muscle mass and strength between groups
training with a high load or low load with blood flow restriction, whereas a group training
with low load alone did not increase to the same magnitude (Laurentino et al., 2012).
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Although training to volitional fatigue with low loads is sufficient to increase muscle mass
similar to high load training (Mitchell et al., 2012) and low load blood flow restriction
training, blood flow restriction training elicits the adaptation at a much lower training volume
(Fahs et al., 2015; Farup et al., 2015). Thus, for a variety of populations aiming to increase
muscle size and strength, low load blood flow restriction training may be more desirable as to
avoid placing more mechanical stress on the tissues and has been shown effective in healthy
(Counts, Dankel, et al., 2016; Fahs et al., 2015; Laurentino et al., 2012), elderly (Thiebaud et
al., 2013; Vechin et al., 2015), and athletic populations (Luebbers et al., 2014; Takarada et
al., 2002; Yamanaka et al., 2012).
MECHANISMS OF BLOOD FLOW RESTRICTION EXERCISE
An exact mechanism, or combination of mechanisms, responsible for driving muscular
adaptation in response to blood flow restriction is not clear, however, it appears that cell
swelling and metabolic accumulation are key factors. A study investigating fluid shifts in
response to applying blood flow restriction alone found not only that muscle thickness of the
vastus lateralis and rectus femoris increased during inflation, but that these changes remained
3 minutes after deflation while plasma volume was decreased to a similar magnitude at both
time points, suggesting an actual fluid shift versus just blood pooling during inflation
(Loenneke, Fahs, Thiebaud, et al., 2012). This means that plasma may have been driven into
the muscle cells via hydrostatic pressure gradients. If in fact, a fluid shift in to the cell occurs
during blood flow restriction it could stimulate a volume sensor within the cell and result in a
positive protein balance through inhibition of proteolysis (Stoll et al., 1992), or through
stimulating protein synthesis (Haussinger, 1996).
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In addition to cell swelling, the accumulation of metabolites during blood flow restricted
exercise could potentially augment the response to low load resistance training. Although the
metabolites themselves do not seem to be anabolic (Dankel, Buckner, et al., 2016), they may
interfere with cross bridge cycling at the muscle level (Allen & Trajanovska, 2012), and
activate type III and IV afferent sensory fibers (Yasuda et al., 2010), inhibiting activation of
motor neurons (Kennedy, McNeil, Gandevia, & Taylor, 2013). In doing so, this could require
an earlier activation of higher threshold motor neurons during low load exercise. Activation
of a greater percentage of motor neurons and their respective muscle fibers early will
potentially provide a greater growth response by stimulating the fibers for a longer period.
Thus, either increasing the growth response by exceeding a theoretical volume threshold that
muscle fibers may need to reach in order to adapt, or sufficiently fatiguing a greater
percentage of fibers. This concept has been supported when comparing muscle protein
synthetic responses following 1 set of exercise to 3 sets of knee extension exercise using 70%
1RM (Burd, Holwerda, et al., 2010). Over the course of three sets of exercise a greater
number of muscle fibers are fatigued versus performing just 1 set. In addition, the 3 set
protocol resulted in a greater myofibrillar protein synthetic response, which was also
sustained longer than the 1 set protocol despite both being at the same relative intensity.
The major signaling pathway thought to be important for muscle growth is the
mechanistic target of rapamycin complex 1 (mTORC1) pathway (Zhang et al., 2014). The
mTORC1 pathway is activated through various stimuli including, but not limited to, amino
acid ingestion (Dyachok, Earnest, Iturraran, Cobb, & Ross, 2016) and mechanical tension on
the muscle (Goodman et al., 2011), in turn increasing the activity of protein synthetic
pathways favoring positive protein balance (Goodman et al., 2011). Blood flow restriction
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exercise has also been shown to increase mTORC1 activation (Fry et al., 2010), and muscle
protein fractional synthetic rate (Fujita et al., 2007) over low load exercise alone when using
a 4 set protocol with goal repetitions of 30-15-15-15. When blocking this pathway by
administering rapamycin prior to blood flow restriction exercise, the increases in protein
synthesis are inhibited, providing further evidence that the response to blood flow restriction
is in fact working through mTORC1 (Gundermann et al., 2014).
Additional pathways considered important for determining protein balance in the muscle
are the mitogen activated protein kinase (MAPK), ubiquitin proteasome system, and the
myostatin SMAD 2,3 pathways (Schiaffino, Dyar, Ciciliot, Blaauw, & Sandri, 2013). The
MAPK pathway, like mTORC1, when activated, can stimulate downstream regulators to
induce muscle protein synthesis (Liu, Vertommen, Rider, & Lai, 2013), and this pathway has
been observed to be activated following the chronic application of blood flow restriction
alone in rodents (Xu et al., 2016) and following low load blood flow restriction exercise in
humans (Fry et al., 2010). Positive protein balance can also be favored by inhibiting muscle
protein breakdown. The ubiquitin proteasome system and myostatin SMAD 2,3 are two
largely studied regulators of muscle mass and when they are upregulated will favor
proteolysis (Han, Zhou, Mitch, & Goldberg, 2013). When employing the commonly used
blood flow restriction set and repetition protocol with low load resistance exercise, pathways
leading to ubiquitin proteasome activation are upregulated at 3 hours post exercise
(Drummond et al., 2008), but downregulated at 8 hours post exercise over a control group not
using blood flow restriction (Manini et al., 2011). This suggests that an increase in protein
turnover occurs within the early period following blood flow restriction exercise, but is
depressed 8 hours later. This transient increase in turnover may be important for remodeling
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tissue to become stronger. Additionally, blood flow restriction resistance training has been
observed to decrease the gene expression of myostatin and upregulate the expression of
follistatin, both changes having potential benefit for positive protein balance (Laurentino et
al., 2012). Myostatin is a negative regulator of muscle mass, so having a decreased gene
expression favors muscle growth (McPherron, Lawler, & Lee, 1997). On the other hand,
follistatin is a negative regulator of mysostatin and other ligands regulating muscle mass, so
having an increased expression of follistatin favors muscle growth (Lee, 2007). In addition to
decreased expression of myostatin, low load blood flow restriction exercise increases
expression of genes related to satellite cell activation, such as MyoD (Layne et al., 2017), and
angiogenesis (Drummond et al., 2008). Muscle growth may also be augmented via
incorporation of new myonuclei from satellite cell activation following blood flow restriction
exercise (Nielsen et al., 2012) or whole body vibration while undergoing restriction (Aguayo
et al., 2016). Incorporating new myonuclei into the muscle cell leads to a potential increase in
genetic material being provided to the cell which is then available for an overall greater
capacity for protein translation.
Even less known than the hypertrophic mechanisms are the mechanisms driving strength
increases following blood flow restriction training. Since the increase in muscle mass
following training does not seem to be driving the increases in strength the adaptations are
likely neural in origin (Buckner et al., 2016; Kidgell, Stokes, Castricum, & Pearce, 2010;
Weier, Pearce, & Kidgell, 2012). Although no long-term studies have investigated the central
nervous system adaptation to blood flow restriction training, an acute study found that blood
flow restriction exercise in the upper body increases corticomotor excitability up to 1 hour
post exercise (Brandner, Warmington, et al., 2015). Given the plasticity of the motor cortex,
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the authors suggest that such acute changes over time could accumulate and possibly result in
a long-term adaptation altering motor patterns. Additionally, group III and IV afferent fibers
have been proposed to play a role in reducing cortical inhibition following resistance training
(Christie & Kamen, 2014). Since, blood flow restriction increases the metabolites (Yasuda et
al., 2010) associated with activating such sensory pathways, cortical inhibition may be
reduced over time with a blood flow restriction training protocol. However, Brandner et al.
saw no acute decreases in cortical inhibition following blood flow restriction exercise. Thus,
long-term studies should be done to investigate the mechanisms increasing strength in
response to blood flow restriction training.
LOW LOAD EXERCISE
In order to truly compare resistance training effects mediated by load it has been
suggested that exercise be taken to volitional failure (Dankel, Jessee, et al., 2016). In fact,
this notion has been supported by experimental evidence. When comparing low load (30%
1RM) resistance exercise volume matched to high load (90% 1RM) exercise to failure,
muscle protein synthesis was lower following low load exercise (Burd, West, et al., 2010).
However, if the low load exercise can be taken to failure the muscle protein synthetic
response to low load exercise becomes like that observed following high load exercise. Even
though acute changes in protein synthesis might not always relate to long-term muscle mass
accrual, investigations have found similar increases in muscle mass following high load and
low load training to failure lasting 10 weeks (Mitchell et al., 2012). Even in a more extreme
setting comparing a traditional high load protocol of training with 4 sets of 8 - 12 RM to a
protocol training 4 sets of dynamic maximal contraction with no external load there were no
differences in long-term muscle growth (Counts, Buckner, et al., 2016). However, there do
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seem to be discrepancies in strength gains when comparing high and low load training. When
the strength test employed is a dynamic 1RM, high load training groups usually test better
than low load groups because they are consistently training with a load that more closely
resembles the strength test. This relates to the principle of specificity, which states the
neuromuscular system will adapt to the specific demands placed upon it. For example, the
high load groups will perform better in a test of strength, such as the 1RM test, because they
have been training with a heavy weight close to the 1RM intensity and movement pattern,
whereas the low load group has not. Therefore, it is likely that the low load group will test
worse on these strength measures. However, these discrepancies are diminished when the
low load group is able to practice the strength test every other week (Morton et al., 2016).
Overall, the evidence suggests that regardless of training load, there should be no differences
in hypertrophy if failure is attained and strength differences due to load are negated when
both groups are able to practice the test used for assessment.
In previous studies comparing low load and high load resistance training, 30% 1RM
seems to be capable of inducing failure. However, there may be a point at which the load
becomes too low to elicit a muscular contraction strong enough to cause a sufficient increase
in intramuscular pressure. The ability to reach failure may depend on a given threshold of
intramuscular pressure necessary to disrupt blood flow and accumulate metabolic byproducts
leading to an earlier fatigue of muscle fibers. If the contraction is prolonged due to inability
to reach failure the cellular signaling response may resemble more of an aerobic stimulus
versus a resistance exercise stimulus (Burd et al., 2012), possibly reducing the magnitude of
hypertrophy. For example, when lifting a very low load the portion of total muscle fibers
necessary to overcome the external resistance will be low. Since only a small number of
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fibers will be shortening the blood flow disruption due to morphological changes during a
contraction will be minimal. In such a case, blood flow may be sufficient to supply metabolic
fuel and clear metabolic byproducts preventing fatigue within the active muscle fibers, and
eliminating the need to recruit higher threshold motor units. Therefore, only the small portion
of muscle fibers active will be stimulated and if the contraction is prolonged the protein
synthetic response may be more geared toward mitochondrial and sarcoplasmic proteins
versus myofibrillar. Thus, giving rise for the need to artificially induce blood flow disruption
through the application of blood flow restriction to induce an anabolic stimulus (Suga et al.,
2010). This may be evidenced by a comparison of training protocols in the lower body
comparing high load (80% 1RM), moderate load (40% 1RM), and low load (20% 1RM) in
combination with moderate (40% AOP) or high (80% AOP) blood flow restriction pressures
(Lixandrao et al., 2015). The authors found that at 20% 1RM the higher blood flow
restriction pressure augmented the hypertrophic response to training. However, this protocol
was done using an arbitrary protocol of 3 sets, 15 repetitions each set. Therefore, it is
unknown whether the 20% 1RM conditions could reach failure and what role the pressure
was playing in the onset of fatigue at such a low load. Previous studies comparing low load
blood flow restriction to traditional low load exercise, both to failure, have observed a much
lower volume needed to reach failure when exercising while using blood flow restriction
(Fahs et al., 2015; Farup et al., 2015). Thus, when exercising with very low loads (< 20%
1RM) the intramuscular pressure itself may not be enough to elicit failure and blood flow
restriction may be an efficacious modality to induce an anabolic response in muscle tissue
similar to high load training.
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CHAPTER III: METHODOLOGY
PARTICIPANTS
All participants were recruited from the University of Mississippi Community and
surrounding area through word of mouth, recruitment fliers, and classroom announcements. Two
different demographics were recruited; one each for the acute study and the chronic study.
Twenty participants were recruited for the acute portion of the study. They were resistance
trained, defined as engaging in structured resistance exercise at least 2 days per week for the
previous six months. In contrast, 42 participants were recruited for the chronic portion of the
study. They were untrained, which was defined as having no engagement in structured resistance
exercise 2 or more days per week for at least the previous 6 months. Upon visiting the
laboratory, before engaging in any testing procedures, all participants were asked to complete an
exclusionary criteria checklist to identify any characteristics that would prohibit them from
participation. Afterwards, they were informed of all testing procedures and time commitments
required for the completion of the study, and they were given the opportunity to read the
informed consent form as well as ask any questions. If they did consent to participate in the study
they were asked to complete a Physical Activity Readiness Questionnaire (PAR-Q). If
participants were not identified as at risk for health complications, they began the testing
procedures. Each sample size was chosen as they are both comparable to sample sizes used
previously in the literature for similar study designs and outcome variables.
INCLUSION CRITERIA - ACUTE
1. Between the ages of 18 – 35 years old.
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2. Resistance trained at least 2 days per week for the previous 6 months.
3. BMI < 30 kg/m2.
4. Did not regularly use Tobacco at least 6 months prior to study.
5. Did not currently take medication to control hypertension.
6. Abstained from caffeine 8 hours prior to testing.
7. Abstained from exercise 24 hours prior to testing.
8. Abstained from eating within 2 hours.
9. Free from orthopedic injury that might prevent exercise.
INCLUSION CRITERIA – CHRONIC
1. Between the ages of 18 – 35 years old.
2. Did not engage in regular, structured resistance training for the previous 6 months.
3. BMI < 30 kg/m2.
4. Did not regularly use Tobacco at least 6 months prior to study.
5. Did not currently take medication to control hypertension.
6. Abstained from caffeine 8 hours prior to testing.
7. Abstained from exercise 24 hours prior to testing.
8. Abstained from eating within 2 hours prior to testing.
9. Free from orthopedic injury that might prevent exercise
EXCLUSION CRITERIA – ACUTE
1. Outside the age range of 18 – 35 years.
2. Did not resistance train more at least 2 days per week for the previous 6 months.
3. BMI ≥ 30 kg/m2.
4. Regular use of Tobacco at least 6 months prior to study.
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5. Were currently taking medication to control hypertension.
6. Had caffeine within 8 hours prior to testing.
7. Engaged in exercise 24 hours prior to testing.
8. Consumed food within 2 hours.
9. Had an orthopedic injury that might prevent exercise.
10. Met 2 or more of the following risk factors for thromboembolism (Motykie et al., 2000):
a. Diagnosed with Crohn’s Disease or Inflammatory Bowel Disease.
b. Past fracture of hip, pelvis, femur.
c. Major surgery within the last 6 months.
d. Varicose veins.
e. Family history of deep vein thrombosis.
f. Personal history of deep vein thrombosis.
g. Family history of pulmonary embolism.
h. Personal history of pulmonary embolism.
EXCLUSION CRITERIA – CHRONIC
1. Outside the age range of 18 – 35 years.
2. Engaged in structured resistance training within the previous 6 months.
3. BMI ≥ 30 kg/m2.
4. Regular use of Tobacco at least 6 months prior to study.
5. Were currently taking medication to control hypertension.
6. Had caffeine within 8 hours prior to testing.
7. Engaged in exercise 24 hours prior to testing.
8. Consumed food within 2 hours.
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9. Had an orthopedic injury that might prevent exercise.
10. Met 2 or more of the following risk factors for thromboembolism (Motykie et al., 2000):
a. Diagnosed with Crohn’s Disease or Inflammatory Bowel Disease.
b. Past fracture of hip, pelvis, femur.
c. Major surgery within the last 6 months.
d. Varicose veins.
e. Family history of deep vein thrombosis.
f. Personal history of deep vein thrombosis.
g. Family history of pulmonary embolism.
h. Personal history of pulmonary embolism.
EXPERIMENTAL DESIGN – ACUTE
For the acute portion of the study, participants reported to the laboratory on three separate
occasions. The initial pre visit began with paperwork, such as exclusion criteria, informed
consent, and PAR-Q. If the participant consented and did not meet any exclusion criteria we then
measured standing height and body mass. Arterial occlusion pressure was determined in both
legs. To illustrate, in random order, participants had a 10 cm nylon cuff placed at the top of each
leg (one at a time). Pressure was increased by inflating the cuff until there is a cessation of blood
flow to the distal portion of the limb as detected by a Doppler probe. The cuff was then removed
at which point the cuff was put on the next limb to undergo the same procedure. Following this,
the participant performed a one repetition maximum (1RM) on the unilateral knee extension
machine to assess dynamic strength of the knee extensors. Next, participants underwent one
familiarization set of blood flow restriction exercise in each leg, which was performed to a
metronome followed by familiarization to all dynamometer strength testing. That visit lasted
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approximately 60-70 minutes. For visits 2 and 3 participants completed two of the four possible
conditions per visit for a total of 4 conditions (each leg underwent 1 of 4 possible conditions
each visit). Conditions consisted of four sets of knee extension exercise to failure using a
traditional high load equal to 70% 1RM (70/0), very low load equal to 15% 1RM (15/0), very
low load with moderate blood flow restriction equal to 40%AOP (15/40), or very low load with
greater blood flow restriction equal to 80%AOP (15/80). Torque and muscle thickness were
measured prior to exercise as well as immediately, and 15 minutes after exercise. Further, EMG
amplitude was measured throughout the 4 sets of exercise. The same general procedures were
then repeated using the opposite leg undergoing exercise with the next predetermined
(randomized) condition, after which that visit was finished. The difference between visits 2 and 3
were the conditions applied. Each visit lasted approximately 90 minutes. In interest of full
disclosure, the acute study consisted of five total visits, however, only the lower body data is
included in this dissertation. Briefly, the pre visit also include arterial occlusion, 1RM
assessment of the biceps curl, and blood flow restriction familiarization in both arms. There were
also two additional visits resembling the lower body visits, except utilizing the biceps curl
exercise, which results in a total of 5 visits for the acute study overall.
EXPERIMENTAL DESIGN – CHRONIC
Participants reported to the laboratory for a total of 22 visits. Participants had each leg
assigned to a condition in a random counter-balanced fashion so that one arm and leg was
assigned to 1 of the following 4 conditions: (1) 15/0, (2) 15/40, (3) 15/80, and (4) 70/0 with no
person receiving any condition twice. On the initial pre-visit, we determined if the participant
met the inclusion criteria, and if so, they proceeded to complete an informed consent document,
PAR-Q, and had their height and body mass measured, which was followed by muscle thickness
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measurements in both legs. On the second pre-visit, we familiarized the participants with
unilateral leg extension and dynamometry strength testing. On the third pre-visit, participants
completed a unilateral 1RM test in the leg extension exercise on both legs. Next, participants
completed isokinetic and isometric testing for each leg followed by a test of muscular endurance.
Participants were then scheduled for their first training session. The following week, the
participants began the eight-week training protocol consisting of two training sessions per week
with at least 24h separating each visit. On session one, participants completed only one set of
exercise. Another set was added for session two, and three sets were completed for sessions three
and four, after which four sets of exercise were completed for all sessions. Both legs trained each
day in a counter-balanced fashion. At least 48 hours following the last training session, post
measurements were taken over three separate days, similar to the pre-visits. A mid-point
assessment of muscle thickness was also taken at all sites halfway through the training protocol,
on the ninth session prior to exercise. Additionally, to determine whether the acute exercise
induced swelling response stayed constant over a chronic training program, acute muscle
thickness changes were assessed on the first training session, the ninth training session and the
very last training session. In short, muscle thickness was assessed immediately before and after
the normal exercise protocol. Once again, this data was collected as part of a larger overall
experiment, with only the lower body muscular data being included for this study. For the first
pre-visit upper body blood flow was assessed. During pre-visit two, lower body blood flow,
upper body 1RM, and upper body endurance were also included. The third visit tested upper
body isometric and isokinetic strength in addition to the lower body testing. Throughout the
training sessions the upper body underwent similar testing protocols outlined in the lower body
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experimental design, but measured muscle thickness in the anterior arm and exercised with
biceps curls.
PARTICIPANT HEIGHT AND BODY MASS
Standing height was measured to the nearest 0.1 cm using a stadiometer. Participants
were asked to stand with heels together, while looking forward, standing tall, and holding a deep
breath. Body mass was measured to the nearest 0.1 kg using a standard digital scale. Prior to both
measurements participants were asked to remove all headwear, shoes, jackets, and items from
their pockets.
ARTERIAL OCCLUSION
To find arterial occlusion pressure of each leg, a 10 cm wide nylon cuff was applied to
the most proximal portion of the thigh and the participant were asked to sit so a Doppler probe
(MD6, Hokanson, Bellevue, WA) could be placed at the ankle to detect the presence of blood
flow (via auditory signal of pulse). The cuff was then inflated (E20 Rapid Cuff Inflator,
Hokanson, Bellevue, WA) beginning at 50 mmHg and then slowly increased until the pulse at
the ankle could no longer be detected. The lowest pressure measured to the nearest 1 mmHg that
occluded blood flow was determined as the arterial occlusion pressure. Once this pressure was
found the cuff was immediately deflated and removed. Following this, the opposite leg
underwent the same procedure to determine arterial occlusion pressure. The arterial occlusion
pressure measurement was completed prior to each exercise condition during the acute and
chronic studies to make sure we applied a relative blood flow restriction pressure.
ONE REPETITION MAXIMUM
Dynamic strength of the knee extensors was assessed by finding the greatest amount of
weight participants could lift one time, with proper form, using a unilateral knee extension
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machine. The test was preceded by a warmup of no more than 10 repetitions using the unloaded
bar. Participants were asked to perform 1 repetition through a full range of motion per attempt,
and the weight was increased with each successful attempt. If an attempt was unsuccessful, the
weight was decreased until the maximum weight could be determined. Each attempt was
separated by 90 seconds of rest, and all attempts were supervised by trained personnel.
ISOKINETIC AND ISOMETRIC STRENGTH
Isokinetic and isometric maximal voluntary contractions (MVC) were tested on a
dynamometer (Biodex Quickset System 4). Each participant was seated in the dynamometer and
the chair was adjusted to properly fit each individual. These settings were recorded to ensure the
same testing conditions for all measures. For isometric testing, the participant completed two
isometric MVC’s at 90° of knee flexion for approximately 3 - 5 s with 60 s rest between
attempts. Next, for isokinetic testing, the participant performed 2 sets each of 3 maximal knee
extensions at speeds of 60 and 180°/s, with 60s of rest between each set. For the chronic training
study testing visits, testing was completed on one leg first (randomized), followed by the
contralateral leg. For the acute portion of the study, only the isometric test was utilized and it
was tested before exercise, immediately following exercise, and 15 minutes after exercise.
MUSCULAR ENDURANCE
Participants were asked to complete as many repetitions as possible for one set of
unilateral knee extension exercise. Both the pre and post endurance tests were completed with
42.5% of the participant’s pre 1RM test, at a cadence of 2 s per contraction (1 s concentric and 1
s eccentric). A bar was placed at the top of the machine as a goal to indicate a complete
repetition through a full range of motion. If the participant is unable to touch the bar or maintain
the proper cadence the test was terminated. During the test the participants were secured in to the
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seat, using a snugly pulled lap belt, and they were asked to have their arms crossed over their
chests. Muscular endurance was tested on the third pre and post testing visits.
MUSCLE THICKNESS
Using a B-mode ultrasound (GE Healthcare NextGen LOGIQ e, Little Chalfont,
Buckinghamshire, UK) we measured the distance between the muscle-bone and muscle-adipose
interface to the nearest 0.01cm. For the acute exercise study, muscle thickness was measured on
the anterior portion of the leg at 50% of the distance from the greater trochanter to the lateral
epicondyle of the femur immediately before and after exercise as well as 15 minutes after
exercise. For the chronic training study, participants had four different sites measured on the
anterior site of the upper portion of both legs as well as the lateral site of the upper leg at a
distance of 40%, 50%, 60%, and 70% between the lateral condyle of the femur and the greater
trochanter. An additional image was taken on the participant’s left posterior upper arm midway
from the acromion process to the olecranon process to serve as an internal measurement control.
Muscle thickness measurements were taken at the first pre and post visits as well as the midpoint
of training, by the same tester, with 2 images taken and stored on an external drive to be
analyzed at a later date. During analysis, the tester was blinded to each condition. The acute
swelling portion of the chronic training study assessed muscle thickness only at the 50% site of
the anterior upper leg.
SURFACE ELECTROMYOGRAPHY
Surface EMG of the rectus femoris and the vastus lateralis was measured during lower
body exercise for the acute study. For the rectus femoris, electrodes were placed over the midline
of the anterior portion of the leg at half the distance from the anterior spina iliaca superior to the
superior part of the patella. Electrodes used to measure activity of the vastus lateralis were placed
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2/3 of the distance from the anterior spina iliaca superior to the lateral epicondyle of the femur. A
reference electrode was also placed on the 7th cervical vertebrae (bony part of the back of neck).
The skin was prepared for electrode placement by lightly shaving the electrode placement area to
remove excess body hair, a roughing pad was used to remove dead skin, and then the area was
cleaned using a sterile alcohol wipe.
TRAINING AND EXERCISE CONDITIONS
Very Low Load Exercise:
Very low load training consisted of unilateral knee extension exercise completed to
volitional failure at 15% 1RM. However, exercise was capped at 90 repetitions per set if failure
was not reached. Each participant completed four sets to a metronome of 60 bpm (1s concentric :
1s eccentric) with 30s of rest between sets. Ninety repetitions represents 3 minutes of continuous
exercise and we chose this as a cutoff based on previous acute data showing that this time under
tension is capable of inducing elevations in myofibrillar protein synthesis, but beyond this the
cellular response may likely become more aerobic, stimulating only mitochondrial protein
synthesis versus myofibrillar and sarcoplasmic protein synthesis (Burd et al., 2012). The load
was not progressed if participants were able to complete all four sets of 90 repetitions in order to
minimize any confounding effects of load on failure.
Very Low Load Exercise with Blood Flow Restriction:
The same protocol used for very low load training was employed, but with the addition of
a pneumatic cuff at the top of the limb which was inflated to 40% or 80% of the individual’s
resting arterial occlusion pressure (measured prior to each exercise session). The cuff remained
inflated for the duration of the protocol, including rest periods, and was immediately deflated
then removed after the last set of exercise. The cuff used to restrict blood flow during knee
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extension exercise was the same 10 cm wide nylon cuff used to measure arterial occlusion
pressure. A 10 cm wide cuff is used because a wider cuff is necessary in the lower body to
ensure that we are able to occlude blood flow in the majority of participants, which is important
for setting the relative individual pressure used during exercise. The load was not progressed
even if participants were able to complete all four sets of 90 repetitions.
High Load Resistance Exercise:
The high load resistance exercise condition consisted of unilateral knee extension
exercise. Participants were asked to complete 4 sets of 12 repetitions at 70% 1RM with 90s of
rest between sets. The concentric and eccentric portion of the lift was 1 s each, for a total of a 2 s
repetition. The load was not progressed if participants were able to complete all four sets of 12
repetitions in order to make the protocol as similar to very low load as possible.
STATISTICAL ANALYSIS – ACUTE
Using the SPSS 24.0 statistical software package (SPSS Inc., Chicago, IL), a 4
(condition) x3 (time) repeated measure ANOVA was used to determine any differences in
muscle thickness and torque between conditions in the lower body. To determine any differences
in EMG amplitude across conditions two separate 4 (condition) x 4 (time) repeated measures
ANOVAs were used, one comparing amplitude across the first three repetitions of each set and
the other comparing the last three repetitions across each set. If a condition x time interaction
was revealed, one way ANOVAs were used across conditions and times to determine where
differences actually were. Statistical significance for all tests were set at an alpha level of 0.05.
STATISTICAL ANALYSIS - CHRONIC
For changes in all muscle size and strength related variables a linear mixed model
analysis was used to compare the effects of time (within subject) and condition (between subject)
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as well as their interaction. To decide which model to use (Unstructured or Compound
Symmetry) both were run then compared based on Akaike’s Information Criterion (AIC) and
Schwarz’s Bayesian Criterion (BIC) values. The model with the lowest combined values was
used for analysis. In the event of an interaction, simple effects were analyzed. If no interaction
was detected, main effects were then assessed and analyzed if detected. For the acute swelling
response over time the difference score (post exercise muscle thickness – pre exercise muscle
thickness) for the specific training session (1, 9, 15) was used as the dependent variable. All post
hoc comparisons were completed using the least significant difference test. Statistical
significance was set at an alpha level of 0.05.
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CHAPTER IV: RESULTS
ACUTE RESULTS
All data presented as mean (SD) unless noted otherwise.
DEMOGRAPHICS
Twenty-three (12 males and 11 females) participants completed the acute portion of the
study (Table 1). Participants had a mean (SD) age of 22 (2.7) years, height of 174.5 (10.1) cm,
and body mass of 75.6 (17.2). On average the left leg 1RM was 36.1 (11.3) kg, while the right
leg 1RM was 37.4 (11.3) kg. For the blood flow restriction conditions, the mean applied pressure
was 80 (15.6) mmHg during 15%1RM/40%AOP and 159 (29.8) mmHg during
15%1RM/80%AOP.
Table 1. Acute - Participant Characteristics
Variable
Mean (SD)
Minimum
Age (years)
22 (2.7)
19
Height (cm)
174.5 (10.1)
163.1
Mass (kg)
75.6 (17.2)
47.5
1RM Left Leg (kg)
36.1 (11.3)
18.05
1RM Right Leg (kg)
37.4 (11.3)
20.55
40%AOP (mmHg)
80 (15.6)
57
80%AOP (mmHg)
159 (29.8)
121

Maximum
28
194.6
104
55.55
55.55
116
240

1RM: One-repetition maximum; AOP: Arterial occlusion pressure

TORQUE
There was a significant interaction effect of condition and time for torque (Table 2,
Figure 1, p<.001). Follow up tests revealed that torque decreased from baseline immediately
following exercise with each condition (Table 3, p<.001), and increased back towards baseline
15 minutes following exercise (p≤.004) while remaining below baseline (p≤.032). Differences
across conditions were also observed immediately post-exercise (p<.001) with the 15/80 having
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the lowest torque compared to 15/0 (p<.001), 15/80 (p=.002), and 70/0 (p<.001). The highest
torque value post-exercise was observed with 70/0, which was greater than 15/0 (p<.001) and
15/40 (p<.001). 15/0 and 15/40 were not significantly different from each other immediately
following exercise (p=.228). There were also difference across conditions 15 minutes after
exercise cessation (p=.034). 15/0 was lower than 15/40 (p=.049), 15/80 (p=.020), and 70/0
(p=.006), while all other conditions did not differ (p≥.374).
Table 2. Acute – Torque
Condition
Prea
15/0
251.8 (89.2)a
15/40
270.6 (99.6)b
15/80
247.8 (84.0)a
70/0
250.0 (87.2)ab

Post-0b
147.9 (67.6)a
133.2 (62.3)a
102.3 (67.5)b
205.2 (62.7)c

Post-15c
209.4 (87.1)a
224.0 (89.7)b
230.0 (85.7)b
231.6 (80.2)b

Data presented as mean (SD). Different letters indicate significant differences across conditions within each time
point, if at least one letter is the same there are no differences between conditions. Simple effects of time are
noted next to each timepoint where within each conditions each time point was different from one another. Alpha
level is 0.05.
300
250

Torque (Nm)

200
15/0
15/40

150

15/80
70/0

100
50
0
Pre

Post-0

Post-15

Figure 1. Acute – Torque
Data presented as mean. An * indicates a significant difference between time points connected
by the corresponding line for all conditions. Within the Pre time point, a indicates a significant
difference in 15/0 from 15/40 and 15/80. Within the Post-0 time point, b indicates a significant
difference in 70/0 from all other conditions, and c indicates a significant difference in 15/80 from
all other conditions. Within the Post-15 time point, d indicates a significant difference in 15/0
from all other conditions. Alpha level set at 0.05.
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Table 3. Acute – Changes in Torque
Condition
Pre – Post-0
15/0 -104.8 (-126.8, -82.8)*
15/40 -137.4 (-171.7, -103.0)*
15/80 -145.4 (-176.7, -114.1)*
70/0
-44.7 (-64.0, -25.4)*

Pre - Post-15
-42.4 (-54.0, -30.7)*
-46.6 (-61.5, -31.6)*
-17.7 (-31.9, -3.5)*
-18.3 (-35.0, -1.72)*

Post-0 - Post-15
62.4 (45.8, 78.9)*
90.843 (57.7, 123.9)*
127.7 (98.5, 156.8)*
26.3 (9.5, 43.1)*

Data presented as mean (95% CI). An * indicates significant changes within each condition. Alpha
level is 0.05.

MUSCLE THICKNESS
For muscle thickness, there was a significant interaction effect between condition and
time (Table 4, Figure 2, p=.009). All conditions responded similarly over time (Table 5).
Immediately following exercise muscle thickness was increased above baseline for all conditions
(p<.001). While muscle thickness decreased fifteen minutes after exercise compared to
immediately after (p≤.001) it remained elevated above baseline fifteen minutes after exercise
(p<.001). There were no differences across conditions immediately following exercise (p=.078),
or fifteen minutes after exercise (p=.076). Thus, despite the interaction, after assessing the simple
effects it appears all conditions responded similarly for muscle thickness.
Table 4. Acute – Muscle Thickness
Condition
Pre
Post-0
15/0 5.69 (.87)
6.18 (.91)
15/40 5.58 (.96)
6.14 (.89)
15/80 5.56 (.86)
6.04 (.93)
70/0 5.69 (.89)
6.04 (.93)

Post-15
6.06 (.92)
6.05 (.88)
5.97 (.88)
5.91 (.89)

Time

Pre vs Post-0, Post-15, Post-0 vs Post-15
Pre vs Post-0, Post-15, Post-0 vs Post-15
Pre vs Post-0, Post-15, Post-0 vs Post-15
Pre vs Post-0, Post-15, Post-0 vs Post-15
Data presented as mean (SD). There are no differences between conditions within each timepoint. Simple effects
of time respective to each condition are noted in the far-right column. Alpha level is 0.05.
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Muscle Thickness (cm)
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6
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15/80

5.6

70/0
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Figure 2. Acute – Muscle Thickness
Data presented as mean. An * indicates a significant difference between time points connected
by the corresponding line (all conditions). There were no differences across conditions within
each time point. Alpha level set at 0.05.
Table 5. Acute – Changes in Muscle Thickness
Condition
Pre – Post-0
Pre - Post-15
*
15/0 0.49 (0.36, 0.62)
0.37 (0.22, 0.51)*
*
15/40 0.55 (0.41, 0.70)
0.46 (0.32, 0.60)*
15/80 0.47 (0.36, 0.59)* 0.40 (0.30, 0.50)*
70/0 0.34 (0.27, 0.41)* 0.21 (0.14, 0.28)*

Post-0 - Post-15
-0.12 (-0.16, -0.08)*
-0.09 (-0.13, -0.04)*
-0.07 (-0.11, -0.03)*
-0.12 (-0.17, -0.07)*

Data presented as mean (95% CI). An * indicates significant changes within each
condition. Alpha level is 0.05.

SURFACE ELECTROMYOGRAPHY RECTUS FEMORIS
Due to equipment malfunctions only 20 individuals are included in the analysis for EMG
amplitude of both muscle groups. Regarding relative EMG amplitude of the first 3 repetitions
there was an interaction effect of condition and time for the rectus femoris (Table 6, Figure 3,
p<0.001). EMG amplitude generally increased across sets for all conditions: [15/0 (p<.001): Set
1 < Set 2 (p=.001); Set 2 < Set 3 (p<.001); Set 3 < Set 4 (p=.002)], [15/40 (p<.001): Set 1 < Set
2 (p<.001); Set 2 < Set 3 (p=.003); Set 3 = Set 4 (p=.267)], [15/80 (p<.001): Set 1 < Set 2
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(p<.001); Set 2 = Set 3 (p=.442); Set 2 = Set 4 (p=.220); Set 3 = Set 4 (p=.858)], with the
exception of 70/0 (p=.833). The EMG amplitude over the first 3 repetitions was different across
conditions for Set 1 (p<.001), Set 2 (p<.001), Set 3 (p=.001), and Set 4 (p=.005). 70/0 had a
greater EMG amplitude than all other conditions during Set 1 (p<.001), Set 2 (p≤.001), and Set 3
(p≤.017), which were not different from one another (p≥.116). During Set 4, EMG amplitude
during 70/0 was greater when compared to 15/80 (p=.002), but not different than all other
conditions (p≥.068), which were also not different from one another (p≥.061). In contrast, there
was no interaction effect on EMG amplitude during the last 3 repetitions for the rectus femoris
(p=.069). There was no main effect of time (p=.232), however, there was a main effect of
condition (p=.043). Follow-up comparisons revealed a lower EMG amplitude during 15/80
compared to 15/0 (p=.048) and 70/0 (p=.015); all other comparisons were not different from
each other (p≥.265).
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Table 6. Acute – Rectus Femoris EMG Amplitude Relative to MVC
First 3 Repetitions
Condition
Set 1
Set 2
Set 3
Set 4
a
a
a
15/0 32.12 (11.96)
45.55 (18.77)
53.06 (19.42)
55.99 (19.41)ab
a
a
a
15/40 30.87 (13.39)
46.72 (18.32)
53.16 (22.95)
55.53 (24.24)ab
15/80 30.51 (11.65)a 45.57 (18.67)a 47.06 (17.93)a 47.36 (18.35)a
70/0 70.98 (26.77)b 68.70 (23.22)b 69.59 (25.14)b 68.86 (27.14)b
Condition
15/0a
15/40ab
15/80b
70/0a

Set 1
66.18 (32.61)
69.85 (32.45)
60.53 (36.64)
83.69 (34.93)

Last 3 Repetitions
Set 2
Set 3
72.07 (31.03)
77.59 (28.24)
79.37 (45.63)
75.51 (42.73)
58.01 (26.65)
58.48 (25.02)
85.68 (36.00)
84.05 (37.18)

Time
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4; Set 3 vs. 4
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4
Set 1 vs. 2, 3, 4

Set 4
81.12 (30.12)
78.84 (39.89)
57.60 (26.71)
82.71 (39.61)
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Data presented as mean amplitude relative to amplitude measured during MVC (SD). Time column represents simple effects of time within each
condition. Different letters indicated next to values represent significant differences due to simple effects. Different letters indicated next to sets or
condition labels indicate significant differences due to main effects. If at least one letter is the same there are no differences. Alpha level is 0.05.
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Figure 3. Acute - Relative EMG Amplitude – Rectus Femoris
This figure is only meant to be a visual aid for interpretation. Therefore, there are no significant
differences indicated in Figure 3 (please refer to Table 6).
SURFACE ELECTROMYOGRAPHY VASTUS LATERALIS
Regarding relative EMG amplitude of the first 3 repetitions there was an interaction
effect of condition and time for the vastus lateralis (Table 7, Figure 4, p<.001). EMG amplitude
of the vastus lateralis generally increased with successive sets: [15/0 (p<.001): Set 1 < Set 2
(p<.001); Set 2 < Set 3 (p<.001); Set 3 = Set 4 (p=.133)], [15/40 (p<.001): Set 1 < Set 2
(p<.001); Set 2 < Set 3 (p=.020); Set 3 < Set 4 (p.002)], [15/80 (p<.001): Set 1 < Set 2 (p<.001);
Set 2 < Set 3 (p=.017); Set 3 = Set 4 (p.843)], except for 70/0 (p=.781). Similar to the rectus
femoris, the EMG amplitude of the vastus lateralis over the first 3 repetitions was different
across conditions for Set 1 (p<.001), Set 2 (p=.004), Set 3 (p=.009), and Set 4 (p=.012). 70/0
EMG amplitude was greater than all other conditions during Set 1 (p<.001). For Set 2 70/0 was
greater than all other conditions (p≤.010), 15/80 was greater than 15/0 (p=.021), and 15/40 was
not different from 15/80 (p=.621) or 15/0 (p=.131). For Set 3 70/0 was greater than all other
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conditions (p≤.019), which were not different from one another (p≥.519). For set 4 70/0 was
greater than all other conditions (p≤.020), which were not different from each other (p≥.774). In
contrast, there was no interaction effect on EMG amplitude during the last 3 repetitions for the
vastus lateralis (p=.231). For the vastus lateralis there was a main effect of time (p=.007) and
condition (p=.025). EMG amplitude was lowest during Set 1 compared to all other sets (p≤.034)
and did not differ across other sets (p≥.391). When collapsed across time points, EMG amplitude
during 70/0 was greater than all other conditions (p≤.046).
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Table 7. Acute – Vastus Lateralis EMG Amplitude Relative to MVC
First 3 Repetitions
Condition
Set 1
Set 2
Set 3
Set 4
a
a
a
15/0
25.24 (8.82)
44.35 (18.06)
55.02 (20.92)
58.14 (24.15)a
a
ab
a
15/40 25.23 (11.94)
50.68 (23.66)
54.76 (23.96)
58.96 (25.66)a
15/80 25.83 (11.65)a
52.89 (19.13)b
57.87 (21.09)a
57.41 (22.49)a
b
c
b
70/0 87.63 (64.30)
87.08 (56.67)
88.21 (53.52)
89.43 (53.25)b
Condition
a

a

15/0
15/40a
15/80a
70/0b

Set 1
65.87 (23.68)
68.55 (28.78)
61.81 (24.49)
105.10 (76.71)

Last 3 Repetitions Vastus
Set 2b
Set 3b
75.27 (25.33)
77.46 (21.06)
74.90 (27.72)
74.99 (31.11)
69.81 (29.62)
73.09 (30.87)
109.13 (66.97) 106.73 (70.75)

Time
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4; Set 3 vs. 4
Set 1 vs. 2, 3, 4; Set 2 vs. 3

Set 4b
79.02 (22.99)
76.80 (31.46)
66.90 (26.12)
104.75 (60.31)
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Data presented as mean amplitude relative to amplitude measured during MVC (SD). Time column represents simple effects of time within each
condition. Different letters indicated next to values represent significant differences due to simple effects. Different letters indicated next to sets or
condition labels indicate significant differences due to main effects. If at least one letter is the same there are no differences. Alpha level is 0.05.
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Figure 4. Acute - Relative EMG Amplitude – Vastus Lateralis
This figure is only meant to be a visual aid for interpretation. Therefore, there are no significant
differences indicated in Figure 4 (please refer to Table 6).
REPETITIONS
There was a significant interaction effect between condition and time with regards to
repetitions (Table 8, Figure 5, p<.001). There was a difference across conditions within Set 1
(p<.001), Set 2 (p<.001), Set 3 (p<.001), and Set 4 (p<.001). Within Set 1, all conditions were
different from one another [15/0 > 15/40 > 15/80 > 70/0 (all p≤.006)]. Within Set 2, all
conditions were different (all p<.001) except 15/80 and 70/0 which were not different when
compared to each other (p=.794). Within Set 3, all conditions were different (all p<.001) except
15/80 and 70/0 which were not different when compared to each other (p=.368). Within Set 4, all
conditions were different (all p<.001) except 15/80 and 70/0 which were not different when
compared to each other (p=.553). Repetitions decreased across sets for 15/0 (p<.001), 15/40
(p<.001), 15/80 (p<.001), and 70/0 (p<.001). For 15/0, repetitions decreased from Set 1 to Set 2
(p<.001), decreasing further from Set 2 to Set 3 (p=.002), and did not differ from Set 3 to Set 4
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(p=.357). For 15/40, repetitions decreased from Set 1 to Set 2 (p<.001), decreasing further from
Set 2 to Set 3 (p=.007), and decreased again from Set 3 to Set 4 (p=.048). For 15/80, repetitions
decreased from Set 1 to Set 2 (p<.001), did not differ from Set 2 to Set 3 (p=.054), and did not
differ from Set 3 to Set 4 (p=.470); Set 2 and Set 4, while not different from Set 3, were different
from each other (p=.042). For 70/0, repetitions decreased from Set 1 to Set 2 (p<.001),
decreasing further from Set 2 to Set 3 (p=.002), and once again from Set 3 to Set 4 (p=.023).
Table 8. Acute - Repetitions to Failure
Condition
Set 1
Set 2
Set 3
a
a
15/0 78 (18)
35 (20)
21 (9)a
b
b
15/40 69 (21)
19 (9)
14 (6)b
15/80 56 (17)c
8 (5)c
5 (3)c
d
c
70/0 11 (3)
7 (2)
6 (1)c

Set 4
20 (8)a
12 (4)b
4 (4)c
5 (1)c

Time
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4; Set 3 vs. 4
Set 1 vs. 2, 3, 4; Set 2 vs. 4
Set 1 vs. 2, 3, 4; Set 2 vs. 3, 4; Set 3 vs. 4

Data presented as mean (SD). Different letters indicate significant differences across conditions, within each set.
Simple effects of time are noted in the far-right column corresponding to the respective condition. Alpha level set at
0.05.
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Figure 5. Acute - Repetitions Across Sets
Mean repetitions across sets are displayed for each condition. Simple effects of condition are
indicated within each set by different letters. If at least one letter is the same there are no
differences between conditions sharing that letter. Alpha level set at 0.05. For simple effects of
time refer to Table 7.
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CHRONIC RESULTS
DEMOGRAPHICS
Forty participants (20 males, 20 females) completed the chronic training portion of the
study. At baseline, participants had a mean (SD) age of 21 (2) years, height of 171.56 (9.32) cm,
body mass of 68.37 (11.49) kg, and BMI of 23.14 (2.83) kg/m2 (Table 9).
Table 9. Chronic - Participant Characteristics
Variable
Mean (SD)
Age (years)
21 (2)
Height (cm)
171.56 (9.32)
Mass (kg)
68.37 (11.49)
BMI (kg/m2)
23.14 (2.83)

Minimum
19
154.9
46.5
19.01

Maximum
31
192.3
97.9
29.2

BMI: body mass index;

ONE-REPETITION MAXIMUM
Using a compound symmetry model there was an interaction effect between condition
and time for 1RM (Table 10, Figure 6, p<.001). At baseline, 1RM was lower for 15/80 compared
to 15/0 (p=.007) and 15/40 (p=.024), but did not differ from 70/0 (p=.157). All other conditions
did not differ (all p³.180) at baseline. At the post-training time point, 1RM was greatest in 70/0
compared to all other conditions (all p<.001), which did not differ (p³.126). 1RM increased from
pre to post-training for 70/0 (Table 11, Figure 7, p<.001), but did not change for 15/0 (p=.913),
15/40 (p=.909), nor 15/80 (p=.220). The change in 1RM was greater for 70/0 compared to 15/0
(p<.001), 15/40 (p<.001), and 15/80 (p=.002). When compared to 15/0, the change in 15/40
(p=.874) and 15/80 (p=.340) did not differ. Lastly, the change across time for 15/40 and 15/80
was not statistically significant (0.438).
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Table 10. Chronic – One-Repetition Maximum
Condition
Pre
Post
15/0
30.33 (1.33)a
30.27 (1.33)a
15/40
30.08 (1.34)a
30.14 (1.34)a
b
15/80
28.62 (1.34)
29.31 (1.34)a
70/0
29.49 (1.34)ab
32.64 (1.34)b*
Data presented as mean (SE). Different letters indicate simple
effects of condition within the respective time point. If at least one
letter is the same the conditions are not different. An * indicates a
significant difference from Pre. Alpha level is 0.05.

One-Repetition Maximum (kg)

33
32
31
15/0

30

15/40
29

15/80
70/0

28
27
26
Pre

Post

Figure 6. Chronic – One Repetition Maximum
Simple effects of condition are indicated within time point by different letters. If at least one
letter is the same there are no differences between conditions sharing that letter. An * indicates a
significant difference from Pre for 70/0. Alpha level set at 0.05.
Table 11. Chronic – One-Repetition Maximum Changes
Condition
Pre-Post Change
95% CI
15/0
-0.060
-1.138, 1.019
15/40
0.066
-1.068, 1.200
15/80
0.687
-0.418, 1.793
70/0
3.150*
2.044, 4.256
An * indicates a significant change from zero and all other conditions. Alpha level is 0.05.
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One-Repetition Maximum Changes (kg)

5
4
3
2
1
0
-1
-2
15/0

15/40

15/80

70/0

Figure 7. Chronic – Changes in One-Repetition Maximum
An * indicates a significant change from zero and all other conditions. Alpha level is 0.05.
ENDURANCE
Using an unstructured model there was an interaction effect between time and condition
on endurance repetitions (Table 12, Figure 8, p=.028). At Pre-testing, 70/0 endurance was lower
compared to 15/0 (p=.015), but there were no other differences across any conditions (all
p³.101). At Post-testing, 15/0 endurance was lower compared to 15/80 (p=.004) and 70/0
(p=.021), and there were no differences across other conditions (all p³.108). Endurance
increased for all conditions following training (Table 13, Figure 9, all p<.001). The increase in
endurance following training was greater for 15/80 when compared to the increase in 15/0
(p=.014) and 70/0 (p=.006). There were no differences in the change across other conditions (all
p³.060).
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Table 12. Chronic – Endurance Repetitions
Condition
Pre
Post
15/0
20 (1.1)a
24 (0.9)a*
15/40
21 (1.1)ab
25 (1.0)ab*
ab
15/80
21 (1.1)
27 (0.9)b*
70/0
22 (1.1)b
26 (0.9)b*
Data presented as mean (SE). Different letters indicate simple
effects of condition within the respective time point. If at least one
letter is the same the conditions are not different. An * indicates a
significant difference from Pre. Alpha level is 0.05.
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Endurance Repetitions

27
25
15/0
23

15/40
15/80

21

70/0
19
17
15
Pre

Post

Figure 8. Chronic – Endurance Repetitions
Data presented as mean (SE). The letter a indicates a significant difference at Pre for 15/0 when
compared to 70/0, while b indicates a significant difference at Post for 15/0 compared to 15/80
and 70/0. An * indicates a significant difference from Pre for the respective condition. Alpha
level is 0.05.
Table 13. Chronic – Endurance Repetition Changes
Condition
Pre-Post Change
95% CI
15/0
4.2a*
2.4, 6.0
ab*
15/40
4.7
2.8, 6.5
15/80
6.2b*
4.3, 8.0
a*
70/0
4.0
2.2, 5.9
Data presented as mean changes with 95% Confidence Intervals.
Different letters indicate a significant difference in change. If two
conditions share at least one letter they are not different. An *
indicates a significant change from zero. Alpha level is 0.05.
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9

Endurance Repetitions Changes

8
7
6
5
4
3
2
1
0
15/0

15/40

15/80

70/0

Figure 9. Chronic – Changes in Endurance Repetitions
Data presented as mean (95% CI). Different letters indicate significant differences in changes
across conditions. If two conditions share at least one letter they are not different. An * indicates
a significant change from 0. Alpha level is 0.05.
ISOMETRIC MVC
Using a compound symmetry model there was no interaction effect of condition and time
for isometric MVC (p=.292), nor was there an effect of condition (p=.081). However, there was
an effect of time (Table 14, Figure 10, Figure 11, p=.002). When collapsed across conditions
isometric MVC increased from Pre to Post-training [mean (95% CI) = 10.5 Nm (3.8, 17.1).
Table 14. Chronic – Isometric MVC
Condition
Pre
Post*
15/0 222.45 (11.24) 221.95 (11.24)
15/40 216.50 (11.38) 230.50 (11.38)
15/80 213.43 (11.31) 226.59 (11.31)
70/0 225.98 (11.31) 241.41 (11.31)

Change
-0.50
13.99
13.15
15.42

95%CI
-13.45, 12.45
0.37, 27.61
-0.12, 26.43
2.14, 28.70

Data presented as mean (SE). An * indicates a significant difference from Pre when
collapsed across conditions. Alpha level is 0.05.

54

245
240

Isometric MVC (Nm)

235
230
225

15/0

220

15/40
15/80

215

70/0

210
205
200
195
Pre

Post

Figure 10. Chronic – Isometric MVC
Data presented as mean. An * indicates a significant difference between Pre and Post when
collapsed across conditions. Alpha level set at 0.05.
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Changes - Isometric MVC (Nm)

30
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20
15
10
5
0
-5
-10
-15
-20
15/0

15/40

15/80

70/0

Figure 11. Chronic – Change in Isometric MVC
Data presented as mean (95%CI) collapsed across all conditions. When collapsed across
conditions there was a significant change from Pre to Post. Alpha level set at 0.05.
ISOKINETIC MVC 60°/s
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With respect to isokinetic MVC at 60°/s, there was no interaction effect between
condition and time (Table 15, Figure 12, p=.537), nor was there a main effect of condition
(p=.427) or time (Figure 13, p=.261) when using a compound symmetry model.
Table 15. Chronic – Isokinetic MVC 60°/s
Condition
Pre
Post
15/0 198.97 (8.52)
196.96 (8.52)
15/40 199.15 (8.60)
203.15 (8.60)
15/80 195.89 (8.56)
197.18 (8.56)
70/0 198.36 (8.56)
204.88 (8.56)

Change
-2.01
3.99
1.29
6.52

95%CI
-10.39, 6.37
-4.81, 12.80
-7.29, 9.88
-2.06, 15.11

Data presented as mean (SE). Alpha level is 0.05.
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Figure 12. Chronic - Isokinetic MVC 60°/s
Data presented as mean. Alpha level set at 0.05.
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Change - Isokinetic MVC 60°/s (Nm)
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Figure 13. Chronic – Changes Isokinetic MVC 60°/s
Data presented as mean (95%CI). Alpha level set at 0.05.
ISOKINETIC MVC 180°/s
Using a compound symmetry model there was no interaction effect between condition
and time regarding Isokinetic MVC 180°/s (p=.180). While there was also no main effect of
condition (p=.174), there was a main effect of time (Table 16, Figure 14, p<.001). When
collapsed across conditions, Isokinetic MVC 180°/s increased from Pre to Post-training (Figure
15, p<.001).
Table 16. Chronic – Isokinetic MVC 180°/s
Condition
Pre
Post*
15/0
139.17 (7.19)
146.09 (7.17)
15/40
142.60 (7.24)
148.55 (7.22)
15/80
137.07 (7.22)
144.15 (7.19)
70/0
138.10 (7.19)
152.62 (7.19)

Change
6.92
5.94
7.07
14.51

95%CI
0.91, 12.93
-0.38, 12.28
0.91, 13.24
8.45, 20.57

Data presented as mean (SE). An * indicates a significant difference from Pre when collapsed across
conditions. Alpha level is 0.05.
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Isokinetic MVC 180°/s (Nm)

155
150
145
15/0
15/40

140

15/80
70/0

135
130
125
Pre

Post

Figure 14. Chronic - Isokinetic MVC 180°/s
Data presented as mean (SE) collapsed across all conditions. An * indicates a significant
difference from Pre, when collapsed across conditions. Alpha level set at 0.05.

Change - Isokinetic MVC 180°/s (Nm)

14
12
10
8
6
4
2
0
Pre-Post Change

Figure 15. Chronic – Changes Isokinetic MVC 180°/s
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
CONTROL MUSCLE THICKNESS

58

Using a compound symmetry model there was no effect of time (Table 17, Figure 16,
Figure 17, p=.054) for muscle thickness taken at the control site (posterior left arm).
Table 17. Chronic – Control Muscle Thickness
Pre
Mid
Post
Pre-Mid Change
2.79 (0.11) 2.88 (0.11) 2.86 (0.11)
0.93 (0.04)

Pre-Post Change
.07 (0.03)

Mid-Post Change
-.02 (.04)

Data presented as mean (SE). An * indicates a significant difference from Pre. Alpha level is 0.05.

3.05
3

Control Muscle Thickness

2.95
2.9
2.85
2.8
2.75
2.7
2.65
2.6
2.55
2.5
Pre

Mid

Post

Figure 16. Chronic – Control Muscle Thickness
Data presented as mean (SE) collapsed across all conditions. An * indicates a significant
difference from Pre. Alpha level set at 0.05.

59

Change Control Muscle Thickness

0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
Pre-Mid Change

Pre-Post Change

Mid-Post Change

Figure 17. Chronic – Changes Control Muscle Thickness
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
ANTERIOR MUSCLE THICKNESS 30%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the anterior 30% site (Table 18, Figure 18,
p=.607). However, there was a main effect of time (Table 19, Figure 19, p<.001) and condition
(p<.001). Collapsed across conditions, muscle thickness increased from Pre to Mid (p=.021), and
again from Mid to Post (p=.005); [Pre compared to Post (p<.001)]. When collapsed across time
70/0 was greater than all other conditions (all p<.001), which were not different from each other
(all p³.741).
Table 18. Chronic – Anterior Muscle Thickness 30%
Condition
Prea
Midb
Postc
15/0a 5.65 (0.12) 5.76 (0.12) 5.85 (0.12)
15/40a 5.75 (0.12) 5.75 (0.13) 5.81 (0.13)
15/80a 5.68 (0.12) 5.76 (0.13) 5.86 (0.13)
70/0b 5.84 (0.12) 5.95 (0.13) 6.06 (0.13)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.
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6.1

Anterior Muscle Thickness 30%
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Figure 18. Chronic – Anterior Muscle Thickness 30%
Data presented as mean. The letter a indicates a main effect of condition, where 70/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 19. Chronic – Changes Anterior Muscle Thickness 30%
Condition Pre-Mid Change* Pre-Post Change* Mid-Post Change*
15/0 0.11 (-0.01, 0.22)
0.19 (0.07, 0.31)
0.08 (-0.03, 0.20)
15/40 0.00 (-0.13, 0.12) 0.05 (-0.07, 0.18) 0.06 (-0.06, 0.18)
15/80 0.08 (-0.04, 0.20)
0.17 (0.05, 0.30)
0.09 (-0.03, 0.22)
70/0 0.10 (-0.01, 0.23)
0.22 (0.09, 0.34)
0.11 (-0.01, 0.24)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Changes - Anterior Muscle Thickness 30%
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Mid-Post Change

Figure 19. Chronic – Changes Anterior Muscle Thickness 30%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
ANTERIOR MUSCLE THICKNESS 40%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the anterior 40% site (Table 20, Figure 20,
p=.828). However, there was a main effect of time (Table 21, Figure 21, p<.001) and condition
(p<.001). Collapsed across conditions, muscle thickness increased from Pre to Mid (p<.001), and
again from Mid to Post (p=.021); [Pre compared to Post (p<.001)]. When collapsed across time
70/0 was greater than all other conditions (all p£.001), which were not different from each other
(all p³.194).
Table 20. Chronic – Anterior Muscle Thickness 40%
Condition
Prea
Midb
Postc
a
15/0 5.37 (0.12) 5.51 (0.12) 5.58 (0.12)
15/40a 5.39 (0.12) 5.50 (0.12) 5.53 (0.12)
15/80a 5.45 (0.12) 5.50 (0.12) 5.65 (0.12)
70/0b 5.56 (0.12) 5.72 (0.12) 5.78 (0.12)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.
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Figure 20. Chronic – Anterior Muscle Thickness 40%
Data presented as mean. The letter a indicates a main effect of condition, where 70/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 21. Chronic – Changes Anterior Muscle Thickness 40%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change*
15/0
0.13 (0.01, 0.26)
0.20 (0.08, 0.32)
0.06 (-0.05, 0.18)
15/40
0.11 (-0.01, 0.24) 0.14 (0.01, 0.27)
0.02 (-0.10, 0.15)
15/80
0.04 (-0.08, 0.17) 0.19 (0.06, 0.32)
0.14 (0.01, 0.27)
70/0
0.16 (0.03, 0.29)
0.22 (0.09, 0.35)
0.06 (-0.06, 0.19)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Changes - Anterior Muscle Thickness 40%
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Figure 21. Chronic – Changes Anterior Muscle Thickness 40%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
ANTERIOR MUSCLE THICKNESS 50%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the anterior 50% site (Table 22, Figure 22,
p=.782). However, there was a main effect of time (Table 23, Figure 23, p<.001) and condition
(p<.001). Collapsed across conditions, muscle thickness increased from Pre to Mid (p<.001), and
did not differ from Mid to Post (p=.121); [Pre compared to Post (p<.001)]. When collapsed
across time 70/0 was greater than all other conditions (all p<.001), which were not different from
each other (all p³.145).
Table 22. Chronic – Anterior Muscle Thickness 50%
Condition
Prea
Midb
Postb
a
15/0 4.94 (0.12) 5.11 (0.12) 5.14 (0.12)
15/40a 4.91 (0.12) 5.08 (0.12) 5.10 (0.12)
15/80a 5.03 (0.12) 5.07 (0.12) 5.21 (0.12)
70/0b 5.15 (0.12) 5.32 (0.12) 5.36 (0.12)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.
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Figure 22. Chronic – Anterior Muscle Thickness 50%
Data presented as mean. The letter a indicates a main effect of condition, where 70/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 23. Chronic – Changes Anterior Muscle Thickness 50%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0 0.16 (0.03, 0.29)
0.19 (0.06, 0.32)
0.02 (-0.10, 0.15)
15/40 0.17 (0.04, 0.31)
0.18 (0.05, 0.32)
0.01 (-0.12, 0.14)
15/80 0.03 (-0.09, 0.17) 0.17 (0.04, 0.31)
0.13 (0.00, 0.27)
70/0 0.16 (0.02, 0.29)
0.20 (0.06, 0.33)
0.03 (-0.09, 0.17)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Changes - Anterior Muscle Thickness 50%
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Figure 23. Chronic – Changes Anterior Muscle Thickness 50%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
ANTERIOR MUSCLE THICKNESS 60%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the anterior 60% site (Table 24, Figure 24,
p=.740). However, there was a main effect of time (Table 25, Figure 25, p<.001) and condition
(p=.001). Collapsed across conditions, muscle thickness increased from Pre to Mid (p<.001), and
did not differ from Mid to Post (p=.165); [Pre compared to Post (p<.001)]. When collapsed
across time 70/0 was greater than all other conditions (all p£.001), which were not different from
each other (all p³.448).
Table 24. Chronic – Anterior Muscle Thickness 60%
Condition
Prea
Midb
Postb
15/0a 4.33 (0.12) 4.56 (0.12) 4.57 (0.12)
15/40a 4.31 (0.12) 4.51 (0.12) 4.53 (0.12)
15/80a 4.41 (0.12) 4.46 (0.12) 4.61 (0.12)
70/0b 4.52 (0.12) 4.73 (0.12) 4.77 (0.12)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.
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Figure 24. Chronic – Anterior Muscle Thickness 60%
Data presented as mean. The letter a indicates a main effect of condition, where 70/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 25. Chronic – Changes Anterior Muscle Thickness 60%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0
0.22 (0.07, 0.37)
0.23 (0.08, 0.38)
0.01 (-0.13, 0.16)
15/40
0.19 (0.04, 0.35)
0.21 (0.05, 0.37)
0.01 (-0.14, 0.17)
15/80
0.05 (-0.10, 0.21) 0.20 (0.04, 0.36)
0.15 (-0.00, 0.30)
70/0
0.21 (0.05, 0.37)
0.25 (0.09, 0.41)
0.03 (-0.11, 0.19)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Changes - Anterior Muscle Thickness 60%
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Figure 25. Chronic – Changes Anterior Muscle Thickness 50%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
LATERAL MUSCLE THICKNESS 30%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the lateral 30% site (Table 26, Figure 26, p=.492),
nor was there a main effect of condition (p=.058). However, there was a main effect of time
(Table 27, Figure 27, p<.001). Collapsed across conditions, muscle thickness increased from Pre
to Mid (p=.001) and did not change from Mid to Post (p=.160); [Pre compared to Post (p=.005)].
Table 26. Chronic – Lateral Muscle Thickness 30%
Condition
Prea
Midb
Postb
15/0
4.50 (0.13)
4.61 (0.13)
4.61 (0.13)
15/40
4.65 (0.13)
4.69 (0.13)
4.67 (0.13)
15/80
4.56 (0.13)
4.79 (0.13)
4.74 (0.13)
70/0
4.59 (0.13)
4.80 (0.13)
4.68 (0.13)
Data presented as mean (SE). Different letters indicated next to time point or
condition labels indicate significant differences due to main effects. If at least
one letter is the same there are no differences. Alpha level is 0.05.
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Figure 26. Chronic – Lateral Muscle Thickness 30%
Data presented as mean (SE) collapsed across all conditions. An * indicates a significant
difference from Pre. Alpha level set at 0.05.
Table 27. Chronic – Changes Lateral Muscle Thickness 30%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0
0.10 (-0.03, 0.24) 0.10 (-0.02, 0.24)
0.00 (-0.13, 0.13)
15/40
0.04 -0.10, 0.18) 0.02 (-0.12, 0.17)
-0.01 (-0.16, 0.12)
15/80
0.22 (0.08, 0.37)
0.17 (0.03, 0.32)
-0.04 (-0.19, 0.09)
70/0
0.20 (0.06, 0.35) 0.08 (-0.05, 0.23)
-0.12 (-0.26, 0.02)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Changes - Lateral Muscle Thickness 30%
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Figure 27. Chronic – Changes Lateral Muscle Thickness 30%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
LATERAL MUSCLE THICKNESS 40%
Using an unstructured model there was no interaction effect between time and condition
with respect to muscle thickness for the lateral 40% site (Table 28, Figure 28, p=.656). However,
there was a main effect of time (Table 29, Figure 29, p<.001) and condition (p=.007). Collapsed
across conditions, muscle thickness increased from Pre to Mid (p<.001) and did not differ from
Mid to Post (p=.313); [Pre compared to Post (p<.001)]. When collapsed across time muscle
thickness for 15/0 was lower than all other conditions (all p≤.034), which were not different from
each other (all p³.177).
Table 28. Chronic – Lateral Muscle Thickness 40%
Condition
Prea
Midb
Postb
a
15/0 4.47 (0.11) 4.67 (0.11)
4.64 (0.11)
b
15/40 4.61 (0.11) 4.77 (0.11)
4.74 (0.11)
15/80b 4.67 (0.11) 4.78 (0.11)
4.76 (0.11)
b
70/0 4.65 (0.11) 4.87 (0.12)
4.84 (0.11)
Data presented as mean (SE). Different letters indicated next to time
point or condition labels indicate significant differences due to main
effects. If at least one letter is the same there are no differences.
Alpha level is 0.05.
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Figure 28. Chronic – Lateral Muscle Thickness 40%
Data presented as mean. The letter a indicates a main effect of condition, where 15/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 29. Chronic – Changes Lateral Muscle Thickness 40%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0 0.19 (0.11, 0.28)
0.16 (0.07, 0.26)
-0.02 (-0.09, 0.03)
15/40 0.16 (0.07, 0.25)
0.13 (0.03, 0.23)
-0.02 (-0.09, 0.04)
15/80 0.10 (0.02, 0.19) 0.09 (-0.00, 0.19)
-0.01 (-0.08, 0.05)
70/0 0.21 (0.12, 0.30)
0.19 (0.09, 0.29)
-0.02 (-0.09, 0.04)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Figure 29. Chronic – Changes Lateral Muscle Thickness 40%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
LATERAL MUSCLE THICKNESS 50%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the lateral 50% site (Table 30, Figure 30, p=.414).
However, there was a main effect of time (Table 31, Figure 31, p<.001) and condition (p<.001).
Collapsed across conditions, muscle thickness increased from Pre to Mid (p<.001), and did not
differ from Mid to Post (p=.767); [Pre compared to Post (p<.001)]. When collapsed across time
muscle thickness for 15/0 was lower than all other conditions (all p≤.002), which were not
different from each other (all p³.254).
Table 30. Chronic – Lateral Muscle Thickness 50%
Condition
Prea
Midb
Postb
a
15/0 4.36 (0.11) 4.44 (0.11) 4.48 (0.11)
15/40b 4.45 (0.11) 4.62 (0.11) 4.58 (0.11)
15/80b 4.50 (0.11) 4.54 (0.11) 4.58 (0.11)
70/0b 4.46 (0.11) 4.69 (0.11) 4.62 (0.11)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.

72

Lateral Muscle Thickness 50%

4.8
4.7
4.6
15/0

4.5

15/40
4.4

15/80
70/0

4.3
4.2
4.1
Pre

Mid

Post

Figure 30. Chronic – Lateral Muscle Thickness 50%
Data presented as mean. The letter a indicates a main effect of condition, where 15/0 was
different compared to all other conditions. An * indicates a main effect of time between points
connected by the corresponding line. Alpha level is 0.05.
Table 31. Chronic – Changes Lateral Muscle Thickness 40%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0 0.08 (-0.02, 0.20) 0.12 (0.00, 0.23)
0.03 (-0.08, 0.14)
15/40 0.17 (0.05, 0.29)
0.12 (0.00, 0.24)
-0.04 (-0.16, 0.07)
15/80 0.03 (-0.08, 0.15) 0.07 (-0.04, 0.19)
0.04 (-0.07, 0.16)
70/0 0.22 (0.10, 0.34)
0.15 (0.03, 0.27)
-0.06 (-0.18, 0.05)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Figure 31. Chronic – Changes Lateral Muscle Thickness 50%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
LATERAL MUSCLE THICKNESS 60%
Using a compound symmetry model there was no interaction effect between time and
condition with respect to muscle thickness for the lateral 60% site (Table 32, Figure 32, p=.354).
However, there was a main effect of time (Table 33, Figure 33, p<.001) and condition (p<.001).
Collapsed across conditions, muscle thickness increased from Pre to Mid (p<.001), and did not
differ from Mid to Post (p=.965); [Pre compared to Post (p<.001)]. When collapsed across time
muscle thickness for 70/0 was greater than all other conditions (p≤.009). Further, 15/0 was lower
than 15/40 (p=.029). There were no other differences across other comparisons (all p³.109).
Table 32. Chronic – Lateral Muscle Thickness 60%
Condition
Prea
Midb
Postb
a
15/0
3.92 (0.10)
4.06 (0.10)
4.03 (0.10)
b
15/40
3.96 (0.10)
4.18 (0.10)
4.14 (0.10)
15/80ab
4.03 (0.10)
4.05 (0.10)
4.13 (0.10)
c
70/0
4.10 (0.10)
4.28 (0.10)
4.25 (0.10)
Data presented as mean (SE). Different letters indicated next to time point
or condition labels indicate significant differences due to main effects. If
at least one letter is the same there are no differences. Alpha level is 0.05.
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Figure 32. Chronic – Lateral Muscle Thickness 60%
Data presented as mean. Letters indicate a main effect of condition, where different letters
indicate significant differences. If at least one letter is the same the two conditions are not
different from one another. An * indicates a main effect of time between points connected by the
corresponding line. Alpha level is 0.05.
Table 33. Chronic – Changes Lateral Muscle Thickness 60%
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change
15/0 0.13 (0.01, 0.24) 0.10 (-0.01, 0.21)
-0.03 (-0.14, 0.08)
15/40 0.22 (0.09, 0.34)
0.18 (0.06, 0.30)
-0.03 (-0.15, 0.08)
15/80 0.01 (-0.10, 0.13) 0.10 (-0.02, 0.22)
0.08 (-0.03, 0.20)
70/0 0.17 (0.05, 0.29)
0.15 (0.03, 0.27)
-0.02 (-0.14, 0.09)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Figure 33. Chronic – Changes Lateral Muscle Thickness 60%
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05.
AVERAGE REPETITIONS TO FAILURE
Repetitions to failure were recorded for each exercise set. They were then summed over
each week and averaged over the two training days (Table 34, Figure 34).
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Table 34. Chronic – Average Exercise Repetitions Per Session
Condition Week 1 Week 2
Week 3
Week 4
Week 5
15/0 89 (23) 120 (41) 144 (60) 152 (65) 166 (68)
15/40 72 (25)
97 (28)
109 (36) 119 (40) 128 (47)
15/80 53 (12)
66 (17)
69 (18)
74 (26)
76 (26)
70/0 16 (3)
28 (5)
34 (6)
34 (6)
37 (6)
Overall 57 (33)
78 (44)
90 (55)
96 (60)
102 (66)

Week 6
166 (71)
128 (53)
78 (26)
40 (7)
103 (67)

Week 7
170 (72)
137 (52)
82 (31)
39 (7)
107 (69)

Week 8
176 (76)
142 (55)
83 (32)
40 (8)
111 (72)

Data presented as mean (SD).
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Figure 34. Chronic – Average Exercise Repetitions Per Session
Data presented as mean. This figure is meant to be a visual aid. No statistical analysis was performed; thus data should be interpreted
with this in mind.

AVERAGE SESSION EXERCISE VOLUME
Exercise volume was calculated as the number of repetitions completed multiplied by the
load being lifted (i.e. repetitions*load). It was then averaged over the two training sessions for
each week. No formal statistics were run on exercise volume but based on average values for
each condition and overall (all conditions combined) it increased each week over the total
training period (Table 35, Figure 35).
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Table 35. Chronic – Average Exercise Volume Per Session
Condition Week 1
Week 2
Week 3
Week 4
15/0 398 (126) 537 (199) 639 (252) 674 (274)
15/40 321(154)
436 (190) 482 (203) 528 (233)
15/80 244 (109) 306 (134) 321 (151) 343 (176)
70/0 331(108)
576 (192) 701 (204) 759 (214)
Overall 325 (134) 465 (206) 538 (251) 578 (274)

Week 5
733 (285)
558 (228)
354 (180)
766 (220)
605 (281)

Week 6
733 (301)
552 (230)
356 (174)
803 (218)
613 (290)

Week 7
747 (291)
590 (241)
382 (209)
800 (214)
632 (288)

Week 8
768 (298)
629 (304)
383 (211)
805 (224)
648 (307)

Data presented as mean (SD).
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Figure 35. Chronic – Average Exercise Volume Per Session
Data presented as mean. This figure is meant to be a visual aid. No statistical analysis was performed; thus data should be interpreted
with this in mind.

EXERCISE INDUCED SWELLING RESPONSE
Using a compound symmetry model there was no interaction effect of condition and time
for the muscle swelling response (Table 36, Figure 36, p=.574). However, there was a main
effect of time (Table 37, Figure 37, p<.001) and condition (p<.001). Collapsed across conditions,
the muscle swelling response increased from exercise Session 1 to exercise Session 9 (p<.001),
and again from Session 9 to Session 15 (p=.042); [Session 1 compared to Session 15 (p<.001)].
When collapsed across time 15/0 elicited the greatest swelling response compared to all other
conditions (p≤.014). 15/40 elicited a greater swelling response when compared to 15/80
(p=.011), but was not different from 70/0 (p=.132). The swelling response elicited by 15/80 and
70/0 were not different when compared (p=.265).
Table 36. Chronic – Exercise Induced Swelling Response
Condition
Prea
Midb
Postc
a
15/0 0.31 (0.04) 0.46 (0.04) 0.55 (0.04)
15/40b 0.26 (0.04) 0.34 (0.04) 0.44 (0.04)
15/80c 0.15 (0.05) 0.28 (0.05) 0.30 (0.05)
70/0bc 0.11 (0.04) 0.35 (0.04) 0.40 (0.04)
Data presented as mean (SE). Different letters indicated next to
time point or condition labels indicate significant differences due
to main effects. If at least one letter is the same there are no
differences. Alpha level is 0.05.
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Figure 36. Chronic – Exercise Induced Swelling Response
Data presented as mean (SE). An * indicates a significant difference from Session 1, whereas #
indicates a significant difference from Session 9 (main effects). Different letters above the
conditions indicate main effects of conditions collapsed across time. If at least one letter is the
same there are no differences between the two conditions. Alpha level set at 0.05.
Table 37. Chronic – Changes Exercise Induced Swelling Response
Condition Pre-Mid Change* Pre-Post Change*
Mid-Post Change*
15/0 0.14 (0.03, 0.26)
0.23 (0.11, 0.34)
0.08 (-0.02, 0.20)
15/40 0.08 (-0.04, 0.20) 0.17 (0.54, 0.29)
0.09 (-0.02, 0.21)
15/80 0.12 (0.00, 0.25)
0.15 (0.02, 0.27)
0.02 (-0.10, 0.15)
70/0 0.23 (0.11, 0.35)
0.28 (0.16, 0.40)
0.04 (-0.07, 0.16)
Data presented as mean (95%CI). An * indicates a significant difference from zero when
collapsed across conditions. Alpha level is 0.05.
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Figure 37. Chronic – Changes Exercise Induced Swelling Response
Data presented as mean (95%CI) collapsed across all conditions. An * indicates a significant
difference from 0. Alpha level set at 0.05
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CHAPTER V: DISCUSSION
The acute portion of this study showed that 15%1RM is a great enough relative load to
induce failure in a trained, healthy population. Overall, the muscular response to very low-loads
with and without blood flow restriction appears to be similar to high load exercise. Therefore,
any condition tested within this study could conceivably be used to increase or maintain
muscular size. However, the required volume of work to induce the muscular response seems to
be much lower when applying blood flow restriction. The chronic portion of this study
reaffirmed the overall conclusions drawn from the acute data with the exception of muscle
strength and endurance. All conditions increased muscle size, isometric strength, and isokinetic
strength similarly over the eight-week training protocol. Only high load training increased 1RM
strength, and the greater restriction pressure condition increased endurance more than the other
conditions. As seen in the acute study, the average weekly repetitions and volume were
decreased with blood flow restriction in a pressure dependent manner.
MAIN FINDINGS
•

Acute decreases in torque were augmented by greater restriction pressure at very lowloads.

•

Acute changes in muscle thickness were similar across all conditions.

•

Surface EMG amplitude of the first three repetitions increased across sets for both muscle
groups. The last three repetitions were generally higher than the first three (not
statistically compared) and did not change across time.

•

Surface EMG was generally higher at all time points in the high-load condition.
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•

Repetitions to volitional failure decreased in a pressure dependent manner when adding
blood flow restriction to very low-loads. This was true in trained and untrained
participants.

•

Only high-load increase 1RM, where all conditions increased Isometric MVC and
Isokinetic MVC 180°/s similarly. Isokinetic MVC 60°/s did not change due to training.

•

Endurance repetitions to failure were increased by all conditions, but the response was
augmented by greater restriction pressure at very low-loads.

•

Increases in muscle thickness were similar across all training conditions.

•

The change in muscle thickness induced by exercise increased from baseline at midtraining and at the end of training.
ACUTE - TORQUE
The acute changes in torque were measured before and after exercise as it would give us

an indication of the fatigue induced by each different condition as well as how quickly muscle
function was recovered after exercise. In the acute portion of the study the decrease in torque
from pre to post-exercise was greatest when exercising with 15/80. This suggests that it caused a
greater fatigue of the muscle compared to all other conditions. In addition to this finding, we also
observed that torque was lower fifteen minutes post-exercise in the 15/0 condition despite all
conditions increasing back towards baseline levels. This could possibly indicate a delay in
recovery, or even muscle damage induced by the condition.
Like the current study, greater restriction pressures have been shown previously to
augment exercise induced fatigue when using very low-loads to complete a common blood flow
restriction protocol (Dankel et al., 2017). However, other studies have shown a minimal effect of
blood flow restriction when participants reached failure with the same common blood flow
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restriction protocol (M. B. Jessee, Mattocks, et al., 2017). The discrepancy between that study
and the current one, even though both reached failure, may be due to the fact that those
participants were exercising at a relative load twice (30%1RM) that of the current study. The
force capacity that one would have to lose to fail at 15%1RM would clearly be different than
what is needed to fail at 30%1RM (Morton et al., 2016). However, since all very low-load
conditions in the current study reached volitional failure using 15% 1RM this would seem to
only explain the differences in fatigue between the high-load and very-low loads. With this in
mind there may be something unique about the high pressures and the mechanism of induced
fatigue. A previous study has found that greater blood flow restriction pressures trap more
metabolites (Yasuda et al., 2010). It could be that the time to clear the metabolites and restore
muscle function was delayed in the greater pressure because of a greater accumulation.
The longer recovery time for 15/0 may be due to the greater number of contractions
performed compared to others. Previous studies have shown that exercise to failure could lead to
a delayed recovery even in trained participants (Moran-Navarro et al., 2017). However, all
conditions exercised to failure, so it is unknown why the response would be different in the verylow-load only condition. One option is that this could be indicative of muscle damage (Warren et
al., 1999). The blood flow restriction conditions would have likely induced failure via metabolic
processes, whereas the 15/0 condition may have performed so many repetitions that the fibers
became overly stressed, causing damage, rendering them unable to contract forcefully. This
concept would have to be investigated over a longer period of time than was investigated in the
current study, because it is possible that the recovery in torque would have been fully back to
baseline with an additional short amount of rest as has been seen previously (M. B. Jessee,
Mattocks, et al., 2017). Overall, the recovery in torque fifteen minutes after exercise suggests
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that the depressed torque is only transient due to fatigue and not indicative of immediate muscle
damage. Though the possibility does exist that there could have been secondary effects of muscle
damage through inflammation due to the large number of contractions performed (Shi et al.,
2018).
The importance of adequately fatiguing the muscle to induce hypertrophy has been
previously discussed (Dankel, Jessee, et al., 2016) and shown experimentally (Burd, West, et al.,
2010; Mitchell et al., 2012). Since an increase in fatigue is associated with an increased
recruitment of higher threshold motor units (Adam & De Luca, 2005) it could be assumed that a
more fatiguing stimulus would lead to a greater hypertrophic response by activating a greater
portion of available muscle fibers. The greater number of fibers being activated for exercise will
result in a greater number of fibers being signaled to hypertrophy through a variety of
mechanisms that may be working through the mTORC1 complex (McGlory & Phillips, 2015).
Thus, when exercising with very low-loads it seems as though the addition of a greater
restriction pressure augments the muscular fatigue response in healthy people exercising to
failure, without delaying the time required for recovery. This would suggest that the more potent
acute stimulus to maintain or increase muscle fitness in this healthy trained population would be
a very low-load with a greater blood flow restriction pressure. However, given our chronic data
this greater reduction in fatigue does not seem to translate into greater adaptations of muscle size
or strength. It does raise an interesting question as to whether or not the augmented fatigue with
15/80 is what led to the greater increase in endurance when compared to other conditions. Future
research should explore this mechanism.
ACUTE – MUSCLE THICKNESS
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Ultrasound muscle thickness assessed before and after exercise is a technique used that
may be able to capture the muscle swelling response to various exercise protocols. Muscle
swelling induced by exercise is one of a variety of muscular responses that has been associated
with a hypertrophic stimulus (Yasuda, Loenneke, Thiebaud, & Abe, 2012). In the acute portion
of the current study, muscle thickness increased from pre to post-exercise and started to return
towards baseline fifteen minutes later. This pattern was unaffected by the condition used during
exercise.
The lack of difference across conditions is not in line with a previous acute study
investigating similar very low-loads, where it was found that the addition of a greater restriction
pressure augmented the changes in muscle thickness (Dankel et al., 2017). That study
investigated exercise using very low-loads within an arbitrary set and repetition protocol
commonly used in the blood flow restriction literature, and most individuals did not reach
volitional failure. This is important because it has been shown that when using the same arbitrary
protocol if participants are reaching failure the muscle thickness response is similar (M. B.
Jessee, Mattocks, et al., 2017). Although the low-load used in Jessee et al. was twice that of the
current study, other studies examining the swelling response induced by low loads to failure with
and without BFR (Yasuda, Fukumura, Iida, & Nakajima, 2015) support the concept that exercise
to failure will induce similar changes in muscle thickness. Using bilateral knee extensions
Loenneke et al. observed similar responses, where when using the arbitrary repetition protocol,
pressure augmented the swelling response at low loads, however, low and high-loads taken to
failure seemed to maximize the swelling response (Loenneke et al., 2017).
The swelling of a cell with fluid may inhibit protein breakdown (Stoll et al., 1992), or
even increase protein synthesis (Haussinger, 1996) either of which could favor hypertrophy by

87

promoting positive protein balance. With B-mode ultrasonography we are unable to confirm
whether the transient increase in muscle thickness induced by exercise or blood flow restriction
alone is in fact due to fluid actually entering the cell. A previous study has provided evidence
that a fluid shift from the plasma to the muscular compartment does occur and remains following
the release of cuff pressure (Loenneke, Fahs, Thiebaud, et al., 2012) making us more confident in
the measurement. However, it should be noted that the fluid shift could be to the interstitial space
of the muscle rather than into the actual myofibers. Taken with the cell hydration literature the
evidence that blood flow restriction alone may promote a fluid shift to the muscle suggests that it
would have a positive effect on muscle size. Although blood flow restriction alone does seem to
induce hypertrophy in rodent models (Nakajima et al., 2016) it does not seem enough of a
stimulus to induce hypertrophy in the human organism absent exercise (Iversen et al., 2016).
This does not mean that restricting blood flow might not have positive effects on human
organisms as it has been shown to attenuate muscle atrophy following ACL reconstruction
surgery (Takarada et al., 2000) and reduce strength loss (Kubota et al., 2008) even at a low
pressure (Kubota et al., 2011) following immobilization.
In a healthy trained population, the muscle thickness response does not seem to differ
across the conditions tested in the current study. Therefore, if muscle swelling is a necessary
anabolic response to exercise, it can be induced by high-loads and very low-loads with no
augmentation by adding blood flow restriction at a moderate or high pressure. Thus, the
hypertrophic stimulus, if only assessed via the muscular response of changes in muscle
thickness, would seem to be similar across conditions.
ACUTE – SURFACE EMG
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Surface EMG amplitude was used to give us an indication of the level of muscle
activation reached during each exercise condition. Muscle activation is an important variable to
consider because the greater number of muscle fibers that are activated for contraction, will
mean more of the overall muscle fibers are being stimulated to grow (Drummond et al., 2009).
Thus, if a protocol can stimulate the totality of fibers within a muscle it will likely maximize the
growth response. In the current study, EMG amplitude was measured over the rectus femoris and
the vastus lateralis muscles. Both muscle groups responded similarly for the first three
repetitions; amplitude increased across sets, and it was greater during 70/0 compared to all other
conditions. For the last three repetitions there was only an effect of condition; for the rectus
femoris the 15/80 was lower than 15/0 and 70/0. For the vastus lateralis, 70/0 was greater than all
other conditions.
One of the mechanisms thought to be driving muscle growth with blood flow restriction
is the increased activation of higher threshold motor units through stimulation of efferent fibers
(Brandner, Warmington, et al., 2015; Yasuda et al., 2010). This hypothesis seems to be
supported by the current study as well as previous others when examining EMG amplitude
(Counts, Dankel, et al., 2016; M. B. Jessee, Dankel, et al., 2017). Interestingly, the data also
suggests that this mechanism does not seem to be unique to blood flow restriction, as 15/0 saw a
similar pattern of changes just over more repetitions. Although a previous investigation did
observe an augmented EMG amplitude by applying blood flow restriction during exercise
compared to the exercise alone (Fatela et al., 2018), other studies have shown a greater EMG
amplitude in the non-restriction condition (Fahs et al., 2015). While it is unknown why Fahs et
al. would see a lower EMG amplitude with restriction, the augmented EMG from restriction in
the Fatela study was more likely a difference in fatigue level since both exercise conditions were
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performed to the same set and repetition protocol. To illustrate, it is known that blood flow
restriction reduces time to fatigue by reducing tissue oxygenation (Ganesan et al., 2015).
Therefore, it is likely that the blood flow restriction condition was closer to volitional failure than
the control condition without blood flow restriction, thus requiring activation of higher threshold
motor units at the same time point of the protocol. This concept is further supported by the same
study from Fatela et al., which saw no significant change in acute torque following exercise in
the non-restriction condition. As discussed previously acute changes in torque are used as an
index of the fatigue induced by exercise. The lack of an increase in EMG amplitude when blood
flow restriction is added to high load exercise (Dankel et al., 2018) suggests the absence of a
unique mechanism of blood flow restriction regarding muscle activation. Therefore, during
arbitrary protocols, the differences in EMG amplitude seems to be due to differences in fatigue
rather than a restriction specific mechanism.
Previous acute studies similar to the current study have shown similar results when
comparing low-loads with and without blood flow restriction to high-loads, where the low-load
conditions do not reach an EMG amplitude seen with high-loads (Loenneke, Kim, et al., 2015).
The greater EMG amplitude observed with higher loads in this study and others (Cook, Murphy,
& Labarbera, 2013) would suggest a differential response in the hypertrophic stimulus across
conditions, but previous studies have shown that the EMG discrepancies do not result in a
difference in muscle growth between high-load and low-load conditions (blood flow restriction
or alone) taken to failure (Fahs et al., 2015; Mitchell et al., 2012). This may be due to the greater
level of activation (greater contraction force) necessary to lift high-loads compared to low-loads
during any given repetition within a protocol. High-load exercise may activate more muscle
fibers at a given time, but if taken to failure the low-loads can eventually stimulate the same
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number of fibers by fatiguing lower threshold fibers and in turn recruiting higher threshold fibers
to contract in order to continue exercise (Brandner, Warmington, et al., 2015; Matthew B. Jessee
et al., 9000; Yasuda et al., 2010). Muscle fiber contraction is a known stimulus to induce a
protein synthesis response within the cell, which is at least partially dependent upon
mTORC1(Drummond et al., 2009). Thus, as more and more muscle fibers are being recruited to
contract, a greater overall proportion of the cells within a whole muscle will receive a signal to
increase protein synthesis, likely favoring hypertrophy.
Taking this information into consideration along with the acute changes in fatigue and
muscle thickness it does not seem as though the hypertrophic response would be different across
conditions due to the difference in EMG amplitude alone.
ACUTE - REPETITIONS
Repetitions to volitional failure decreased across time within all conditions. Overall, the
number of repetitions was highest in 15/0, followed by, 15/40, 15/80, then 70/0. The common
benefit to blood flow restriction is that it reduces the number of repetitions required to reach
failure without compromising muscle growth (Fahs et al., 2015; Farup et al., 2015). This study
supports others in that the addition of blood flow restriction reduced the number of repetitions in
a dose-dependent manner (i.e. greater restriction leads to less repetitions). Thus, this becomes
important if an individual wanting to maintain or increase muscular fitness were to encounter
situations in which they should avoid high mechanical loads and volumes. The reduction in
repetitions is likely caused by a reduced delivery of blood to the working tissue (Ganesan et al.,
2015) as well as a buildup of metabolic byproducts (Yasuda et al., 2010). This coupled with the
previous acute muscle response markers would suggest exercise to failure with 15/80 would
require the lowest workload while still maximally stimulating the muscle.
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CHRONIC - STRENGTH
To get a comprehensive idea of the muscle strength adaptations across training with each
protocol multiple methods of testing were used. For 1RM, only the high-load condition increased
over the eight weeks of training. Isometric MVC strength increased across all conditions
similarly. For isokinetic MVC 60°/s, there were no changes due to training with any of the
conditions tested. Lastly, isokinetic MVC 180°/s, like isometric MVC, increased similarly over
the course of training for all conditions.
In a previous study comparing very low-load to a traditional high-load the authors
observed an increase in 1RM following very low-load training, but it was not as great as the
increase with high-load training (Holm et al., 2008). The only condition in the current study to
increase 1RM over the course of training was 70/0. This greater 1RM adaptation when using
high-loads is expected given the principle of specificity, which states that adaptation will reflect
the stimulus. For this reason, multiple testing methods were used as it has been previously
suggested that some tests, such as the 1RM, would likely favor the protocols that more closely
resembled the test (Buckner, Jessee, et al., 2017). In this case the 1RM test is a test of the
maximal load that can be lifted through a full range of motion one time. Thus, the traditional
high-load exercise protocol is much more similar to this task than is the very-low load protocols
meaning the participants exercising with 70/0 were practicing a similar task to the test for 8
weeks (Buckner, Jessee, et al., 2017). This concept has been demonstrated previously when
comparing high-load and low-load training, where the increase in 1RM was greater in the highload group, but the increase in isometric strength was similar between the protocols (Mitchell et
al., 2012). Although none of the very low-load conditions improved 1RM, previous blood flow
restriction training studies have observed increases that were similar to high-load training
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(Laurentino et al., 2012). These findings may be explained by the discrepancy in training load or
more likely by the frequency with which the participants were tested. The current study used
loads of 15%1RM whereas Laurentino et al. used 20%1RM for training. It may be possible that
15%1RM even with blood flow restriction is too far away from the testing protocol to elicit any
adaptation. The more likely case is that the studies showing similar improvements in 1RM
strength actually practiced the test more often (through multiple 1RM testing time points or
familiarization) than the current study which elicited a separate effect from the training itself. For
example, in the study by (Mitchell et al., 2012) the authors found differential adaptations in
muscle strength between groups training with low or high loads, despite similar increases in
muscle size. The 1RM was increased in the high load group, while the isometric strength
changes were similar between groups. However, when a low-load group is able to periodically
practice the testing procedure discrepancies in strength improvements are diminished (Morton et
al., 2016), which may also be why Holm et al. found increases in 1RM with very low-loads
(participants were tested for 1RM every 10th training session). This overall concept was
supported by the current data, which showed only a main effect of time for both isometric MVC
and Isokinetic MVC 180°/s, meaning all conditions improved similarly (note: no changes were
seen in isokinetic MVC 60°/s).
Some studies have shown that blood flow restriction augments Isometric MVC
improvements over non-restriction control groups (Shinohara et al., 1998), whereas others have
found no differences due to either type of training (Kacin & Strazar, 2011). It is unknown why
augmented Isometric MVC improvements would not be present in this study versus Shinohara et
al. Perhaps there could be differential responses due to blood flow restriction when training
isometrically (Shinohara) rather than isotonically (current study). Differences in adaptation could
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also be due to loading. However, if the level of contraction was causing differential responses it
is perplexing since the current study and the Kacin et al. study both exercised at 15% of maximal
intesnsity and Shinohara et al. exercised at 40% MVC. We would usually think that blood flow
restriction has a greater influence on the lower loads, but in this case the adaptation was
augmented in the Shinohara study rather than the very low-load studies. Perhaps, the mode of
training is important since Shinohara trained in the mode that was tested and the blood flow
restriction condition was compared to a work matched control, whereas Kacin trained
isotonically (of note blood flow restriction also compared to work matched control) then tested
isometrically. The lack of changes in Isometric MVC for the Kacin et al. study compared to the
current study may be due to a 3-day familiarization protocol which potentially improved strength
prior to the initial baseline testing session, causing any further improvements to be statistically
non-significant. In the current study there was only one baseline testing session for all strength
measures. Further research would need to be done to compare the training modality (isometric
versus isotonic) and the potential interaction effect with blood flow restriction.
Overall, the increase in 1RM strength favors high-load training. There were no
differences across conditions for other strength measures, suggesting blood flow restriction does
not augment strength adaptations when using very low-loads. This would go against a potential
mechanism of strength increase observed with blood flow restriction which was proposed after
finding that corticomotor excitability was increased following low-load blood flow restriction
compared to low-load alone and high-load exercise (Brandner, Warmington, et al., 2015).
Perhaps the findings in the Brandner et al. study could be explained by the protocols used; the
low load conditions most likely did not go to failure until applying continuous blood flow
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restriction. Thus, the differences in corticomotor excitability may be driven by fatigue versus the
blood flow restriction itself, but more research would be needed to investigate this hypothesis.
CHRONIC - ENDURANCE
Endurance testing was performed at a load halfway between the high load and very low
load conditions in order to avoid biasing the results toward either modality. Endurance improved
across training with all conditions, however the improvement was greater in the 15/80 condition.
A previous investigation has also shown a greater increase in endurance with blood flow
restriction using very-low loads (Kacin & Strazar, 2011). The increase in endurance repetitions
may be due to psycho-physiological or physiological mechanisms.
As a potential psycho-physiological mechanism, the participants could have been more
accustomed to exercising under a greater perception of exertion and discomfort during the highpressure condition (M. B. Jessee, Dankel, et al., 2017) and were able to withstand similar
feelings during an endurance test resulting in more repetitions. On the other hand, the
physiological mechanism would be that the greater pressure could have induced angiogenic
adaptations over the training period making the oxygen/ substrate delivery and metabolite
clearance more efficient during the endurance test (Ferguson et al., 2018). Although the
physiological mechanism was not explored in the current study, it seems as though greater blood
flow restriction pressure augments the improvement in endurance over very low loads alone.
CHRONIC – MUSCLE THICKNESS
B-mode ultrasound imaging was used to assess the increase in muscle size along the
anterior and lateral portion of the upper leg over the course of the training protocols. Muscle
thickness was also assessed on the posterior aspect of the upper left arm as a built-in control. The
control muscle thickness did not significantly change from baseline to the mid-point of the
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training or the post-testing, increasing the confidence in the reliability of our measurement of
muscle thickness changes. Additionally, our observations exercise induced muscle thickness
changes across the training All sites along the anterior portion of the upper leg (30, 40, 50, and
60%) increased muscle size following training with all conditions. However, there was also an
effect of condition, where the muscle thickness was greatest at all time points for 70/0. All sites
on the lateral aspect of the upper leg also increased with all conditions. There was also a main
effect of condition where the 15/0 condition was smaller across time compared to the other
conditions. Previous research has suggested that the increase in muscle size using a very low
load (i.e. 20%1RM) is dependent upon the application of a greater blood flow restriction pressure
(Lixandrao et al., 2015). However, this study did not exercise to failure. Thus, the similar muscle
growth in the current study might be explained by exercise to volitional failure, which has been
shown multiple times to results in similar muscle growth whether exercising with high-loads
versus low-loads (Mitchell et al., 2012), and very low-loads with and without blood flow
restriction (Fahs et al., 2015; Farup et al., 2015). Overall the current data suggests that the
increase in muscle size is not load, nor pressure dependent when exercising to volitional failure.
CHRONIC – VOLUME/ REPETITIONS
It was unknown whether or not failure could be reached at such a low relative load during
exercise. However, it is evident by examining the average session repetitions each week that
15%1RM may still induce failure within four sets of exercise. The number of repetitions required
to reach failure was decreased when applying blood flow restriction and repetitions were further
decreased with an increase in pressure. The average number of repetitions per session and
volume increased over time indicating adaptations to each protocol. Overall, blood flow
restriction was not necessary to induce failure with low loads during this particular exercise, but
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it still reduced the overall workload. It remains to be determined what %1RM that failure could
not be reached, and if blood flow restriction could in fact induce failure when exercising with
that relative load.
CHRONIC – EXERCISE INDUCED SWELLING
Some criticisms exist regarding the ability to distinguish true muscle growth from muscle
swelling. It is thought that the beginning stages of a training program induce muscle damage
caused by the unaccustomed exercise, and that this in turn leads to a swelling response. A
previous investigation sought to determine if a swollen muscle could be swollen further by
exercise (Buckner, Dankel, Mattocks, et al., 2017). The authors found that there was a limit in
the amount of swelling exercise could induce, thus if the muscle could swell in response to
exercise it was likely not swollen at baseline from muscle damage. In order to ensure we were
not capturing muscle swelling we compared the acute exercise-induced swelling response during
session one, session nine, and session 15. The muscle thickness increased from pre to postexercise each time, increasing our confidence that we were in fact capturing growth at the mid
and post-training time points. Farup et al. also measured acute exercise-induced changes in
muscle thickness at the beginning and end of a training program and found similar acute changes
at both time points (Farup et al., 2015). Overall, we saw a swelling response of the muscle
following exercise at all time points, suggesting the muscle growth measured was in fact true
muscle growth and not just edema.
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CHAPTER VI: CONCLUSION
The purpose of this study was to determine if blood flow restriction was necessary to
augment the acute muscular responses and chronic muscular adaptations in the lower body
similar to those observed following high load training, when training with an extremely low load
(15% 1RM). If it was observed that blood flow restriction was necessary to augment the
muscular response, we wanted to know if a higher pressure (80% arterial occlusion) was needed
to elicit the desired outcome compared to a moderate pressure (40% arterial occlusion pressure).
HYPOTHESES
1)

The application of a higher relative blood flow restriction pressure (80% of arterial

occlusion) would be required to elicit a hypertrophic stimulus similar to high load training,
whereas the muscle growth induced by 15% 1RM alone, or 15% 1RM in combination with
a moderate level of blood flow restriction would be less in comparison.
This hypothesis was not supported by the data. A similar increase in muscle size was
observed at all sites of the anterior and later aspects of the upper leg. The greater blood flow
restriction pressure did not augment this response over moderate pressure or very low-load
training alone.
2)

Muscle strength would increase more in the high load training group compared to

all other groups, but the 15% 1RM condition with a high level of arterial occlusion would
increase strength more than the groups training with 15% 1RM alone or with a moderate
level of blood flow restriction
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This hypothesis was partially supported by the data. High-load training was the only
condition that resulted in an improved 1RM test post-training. Isometric MVC and isokinetic
MVC 180°/s both improved, but the response was not different across conditions. Isokinetic
MVC 60°/s. Overall, high-load did seem to have the more favorable effect on strength, while the
greater pressure blood flow restriction condition did not augment the response over the other
very low-load conditions.
3)

Muscular endurance would increase similarly in the three groups training with a

load of 15% 1RM (15% alone, 15% with moderate blood flow restriction, and 15% with
high blood flow restriction), which would be a greater increase than a group training with a
high load only.
This hypothesis was partially supported by the data. All conditions resulted in
improvements of endurance. However, the greater blood flow restriction pressure condition
resulted in the greatest improvement. The other very low-load conditions did not differ from
high-load training like hypothesized.
Sub Question
1)

Are there differences in the acute muscular responses that have been previously

associated with long-term growth between groups exercising with 15% 1RM alone, 15%
1RM in combination with moderate (40% of arterial occlusion) or high (80% of arterial
occlusion) levels of blood flow restriction pressure, or a group exercising with a traditional
high load (70% 1RM)?
Sub Hypotheses
1)

Fatigue, assessed by the acute decrement in torque, would be greater following

exercise in the groups using a high load and 15% 1RM with high restriction pressure
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compared to the groups using 15% 1RM alone or 15% 1RM in combination with moderate
restriction pressure.
This hypothesis was partially supported by the data. The acute decrease in fatigue due to
exercise was largest following the very low-load, high pressure condition. This was followed by
the other two very low-load conditions which decreased similarly, then by high-load. Thus, the
acute change in fatigue was augmented by a greater pressure, but was not as great in the highload condition.
2)

The increase in electromyography amplitude (an indicator of muscle activation)

during exercise would be greatest in the high load exercise group, and lowest in the low
load only group. The magnitude of the response would be increased over low load alone
when combined with blood flow restriction at 40% AOP and further augmented by
increasing the pressure to 80% AOP.
This hypothesis was partially supported by the data. The EMG amplitude was greatest
when exercising with the high-load condition. All of the very low-load conditions did not differ
in amplitude from one another during the first three or last three reps of each set in either muscle.
3)

The increase in acute changes in muscle thickness would be greatest in the high load

and low load with high relative blood flow restriction conditions compared. Low load with
moderate blood flow restriction would have a greater acute swelling response compared to
the low load only condition.
This hypothesis was not supported by the data. All changes in muscle thickness were
similar across each exercise condition.
SIGNIFICANCE
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The loss of muscle mass may have many negative consequences. Thus, to combat that
high load resistance training has long been the gold standard. However, this traditional method of
increasing or maintaining muscle mass may not be tolerable or desired in all populations,
especially those recovering from catastrophic injury as it places a large degree of mechanical
stress on the musculoskeletal system. The findings from this study seem to suggest that using an
extremely low load may increase muscle size, isometric strength, isokinetic strength, and
muscular endurance in healthy untrained individuals. This increase, however, was not
accompanied by an increase in 1RM strength, which was only improved with high-load training.
Besides 1RM, the overall adaptations in muscle size and strength elicited by high loads and the
very low-load conditions were not different, despite the lower volume seen with increasing
restriction of blood flow. Therefore, there may be utility in using blood flow restriction during
the early stages of recovery to increase or maintain muscle fitness until higher loads can be
safely used. Such a modality could be more desirable for a wide range of people including but
not limited to the very weak, such as those suffering from chronic disease, to elite athletes
wishing to reduce the amount of stress they undergo during the season. This study gives more
insight into the necessity of blood flow restriction and the level of pressure application necessary
for adaptation with an extremely low load. We also gained valuable insight into the pattern of
acute muscular responses to different exercise protocols and the long-term training adaptations.
The results herein suggest that trained and untrained individuals would be able to maintain or
increase muscular fitness using very low-load protocols with or without blood flow restriction at
a moderate or high relative pressure.
FUTURE RESEARCH
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This study leaves several interesting questions to be answered. The within-subject nature of the
current study allowed us to compare multiple conditions. However, this could also lead to a more
practically applicable between subject-design where a 15/80 group and 70/0 group would be
compared. Furthermore, if these protocols were to be used as part of a greater overall training or
rehabilitative plan it should be investigated whether or not each protocol induces muscle damage
as well as how long the muscle would take to recover from these conditions. Further research
should continue down a similar path to determine if there is a resistance training load that does
not have the capability to induce volitional failure, and then determine if blood flow restriction
can cause failure with that load. It remains to be determined whether greater blood flow
restriction pressures are what is driving the augmented endurance adaptations. Also, it should be
determined whether or not the current results are specific to this particular exercise or can be
generalized to all exercises, single-joint or multi-joint, as well as upper or lower body.
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